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Abstract 
Bioactive glass (BG) and ceramics have been widely studied and developed as 
implants to replace hard tissues of the musculo-skeletal system, such as bones and teeth. 
Recently, instead of using bulk materials, which usually do not degrade rapidly enough 
and may remain in the human body for a long time, the idea of bioscaffold for tissue 
regeneration has generated much interest. An ideal bioscaffold is a porous material that 
would not only provide a three-dimensional structure for the regeneration of natural 
tissue, but also degrade gradually and, eventually be replaced by the natural tissue 
completely. Among various material choices the nano-macro dual porous BG appears as 
the most promising candidate for bioscaffold applications. Here macropores facilitate 
tissue growth while nanopores control degradation and enhance cell response. The 
surface area, which controls the degradation of scaffold can also be tuned by changing 
the nanopore size. However, fabrication of such 3D structure with desirable nano and 
macro pores has remained challenging. 
In this dissertation, sol-gel process combined with spinodal decomposition or 
polymer sponge replication method has been developed to fabricate the nano-macro 
porous BG scaffolds. Macropores up to 100µm are created by freezing polymer induced 
spinodal structure through sol-gel transition, while larger macropores (>200um) of pre-
determined size are obtained by the polymer sponge replication technique.  
The size of nanopores, which are inherent to the sol-gel method of glass fabrication, 
has been tailored using several approaches: Before gel point, small nanopores are 
generated using acid catalyst that leads to weakly-branched polymer-like network. On the 
other hand, larger nanopores are created with the base-catalyzed gel with highly-branched 
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cluster-like structure. After the gel point, the nanostructure can be further modified by 
manipulating the sintering temperature and/or the ammonia concentration used in the 
solvent exchange process. Although both techniques lower the surface area of BG 
scaffolds, the temperature-dependent sintering process closes nanopores through 
densification, while the concentration-dependent solvent exchange process enlarges 
nanopores through Ostwald-ripening type coarsening. Therefore, nanopore size and 
surface area of BG scaffold are independently controlled using these methods. 
In vitro cell and in vivo animal tissue responses have been investigated to evaluate 
the performance of the nano-macro porous BG scaffold. The cells are found to migrate 
and penetrate deep into the 3D nano-macro porous structure, while exhibiting excellent 
adhesion to the bioscaffold surface. Importantly, the new tissue with both blood vessels 
and collagen fibers is formed deep inside the implanted scaffolds without obvious 
inflammatory reaction. Furthermore, our observations show biological benefits of the 
nanopores in the BG scaffold. In comparison to BG scaffold without nanopores, cells 
migrate and penetrate into nano-macro dual-porous BG scaffold faster and deeper mainly 
because of the increase of surface area.  
To study the effect of nanopore topography, we fabricated BG scaffolds with the 
same surface area but different nanopore sizes. It is found that the initial cell attachment 
is significantly enhanced on the BG scaffold with the same surface area but smaller 
nanopores size, indicating that the nanopore topography strongly influences the 
performance of BG scaffold. In conclusion, the present results demonstrate most clearly 
the usefulness of our nano-macro dual-porous BG as a novel and superior 3D bioscaffold 
for regenerative medicine and hard tissue engineering.  
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Chapter 1: Introduction 
As the global population continues to age, the number of patients with bone 
diseases and hence the demand for bone replacement is increasing dramatically. For 
example, in US, the volume of skeletal procedures increased by 24% from 1997 to 2005. 
In 2005, skeletal procedures were performed in ~3.4 million hospital stays, which is 
about 9% of all hospitalizations, and cost $31.5 billions i.e. about 10% of all hospital care 
[1]. 
Nowadays, two main strategies are used to replace the missing or dysfunctional 
tissues: transplantation and implantation. In spite of the success of transplantation, the 
number of donors is limited and there are potential risks of disease transmission. To solve 
these issues, instead of transplantation, the dysfunctional tissues can be repaired by using 
implants made from biomaterials [2]. Bioactive materials, e.g. bioactive ceramics and 
bioactive glass (BG), which can facilitate direct interfacial bond between implant and 
tissue without scar tissue formation, in contrast to conventional biomaterials, e.g. 
stainless steel and cobalt-chrome alloys, have been widely studied and used [3, 4]. 
However, the bulk bioactive ceramics, like hydroxyapatite, and BGs usually do not 
degrade rapidly enough and may remain in the human body for a long time [5]. Hence, a 
different approach to the treatment has been proposed based on tissue engineering: rather 
than providing an implant as a replacement for the diseased tissue, a scaffold is implanted. 
An ideal bioscaffold would not only provide a three dimensional (3D) structure to 
facilitate the regeneration of natural tissue, but also degrade gradually and, eventually be 
replaced by the natural tissue completely [6].  
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In this chapter, I will first introduce the background about bone tissue and two 
current general approaches to replace the dysfunctional tissue: transplantation and 
implantation. Next, the pros and cons of the three types of biomaterials for implantation 
will be summarized and the idea of bioscaffold will be introduced in Section 1.2. Then 
the BG properties and the fabrication methods will be discussed in section 1.3. Finally, 
several approaches used to fabricate BG/bioceramic scaffolds will be reviewed in section 
1.4. 
 
1.1. Bone tissues and strategies to replace the dysfunctional 
tissues 
 
Figure 1.1. Composition of bone. 
Bones are living tissues which construct the skeleton of humans, support body 
structure, protect internal vital organs, provide mechanical basis for movement and help 
maintain mineral homeostasis. Bones consist of a mineral phase (69 wt%), an organic 
phase (22 wt%) and water (9 wt%) (as shown in Fig. 1.1) [2]. Most of the mature bone 
tissues can be generally classified into two types: compact bone (also named as cortical 
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bone) and spongy bone (Fig. 1.2 from [7]) (also named as cancellous bone or trabecular 
bone) depending on porosity and the unit microstructure. Pores in spongy bones are in the 
range of tens to a couple hundred micrometers with 50% to 90% porosity, while compact 
bones are denser with 5% -10% porosity. Bone tissues have several hierarchical levels of 
organization. Mineralized collagen fibrils, which are around tens to two hundred 
nanometers in diameter, are basic building blocks. Mineralized collagen fibrils make 
fibril array, and then form osteon, which is the fundamental functional unit of bone [8]. 
 
Figure 1.2 SEM image of the trabeculae of spongy bone (From Ref. [7]). 
 
In transplantation, a working organ is removed from a donor body (or from a donor 
site in the patient’s own body) to replace recipient’s dysfunctional or missing organ. 
There are three major types of transplant techniques: autograft, allograft and xenograft. 
Autograft (sometimes called homograft), defined as a graft moved from one site to 
another within the same individual, is considered to be the gold standard in reconstructive 
surgery. Autogenous organ is the most efficient material in rapid healing, since it avoids 
immune reaction and disease transmission. However, autograft may cause donor site 
morbidity and increase surgical time and pain. Meanwhile, the quantity of the graft 
materials is limited. For allograft, living tissue is transferred between two genetically 
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different individual of the same species. Currently, most human tissue and organ 
transplants are allograft. In last couple of decades, organ banking technique has been 
contributing to allograft technique so much that people are able to select the allogenous 
organs. Major deficiencies of this technique come from the inconvenience of collection 
and processing, limited storage shelf life, limited number of donors, likelihood of disease 
transmission and undesirable host response. Another method - Xenograft, which is 
transferring of viable tissue from a donor of different species, offers sufficient supply. 
Unfortunately, severe host response and disease transmission prevent the technique from 
wider application.  
In principle, the above mentioned limitations of transplantation can be solved by 
using implants, which is made from artificial biomaterials. Implantation offers many 
advantages, such as the availability, reproducibility, no disease transmission and 
relatively low cost.  
 
1.2. Three types of biomaterials and the ideal bioscaffold  
A biomaterial interacts with biological systems when it is implanted into a 
recipient’s body. Therefore, tissue response is a major concern for selecting the ‘right’ 
material. Obviously, a biomaterial must not be toxic and cause the death of surrounding 
tissue. According to the tissue response, biomaterials can be classified into three 
categories: bioinert, bioactive and biodegradable (also known as bioresorbable). Tissue 
response to various types of materials is summarized in Table 1.1[3]. 
 
 
7 
 
Table 1.1 Types of tissue response to materials. 
Materials Tissue Response 
Toxic (non-biocompatible) surrounding tissue dies 
Nontoxic 
Bioinert: biologically inactive (nearly inert) A fibrous tissue forms 
Bioactive: biologically active an interfacial bond forms 
Biodegradable surrounding tissue replaces it 
 
Typical bioinert materials include stainless steel, titanium, cobalt-chrome (CoCr) 
alloy, alumina, zirconia, and ultra high molecular weight polyethylene. Some of them, e.g. 
titanium and CoCr, are biocompatible, have superior mechanical properties and are 
especially suitable for load bearing bone replacements [9]. However, the interface 
between the host tissue and the bioinert material is not chemically bonded since a fibrous 
tissue (scar tissue) with different thickness forms between them. As a result, there is 
relative movement between the implant and surrounding tissue, and progressively a non-
adherent fibrous capsule develops between them. If the fibrous capsule is too thick, the 
implant will break off from the host tissue. To solve this problem, macropores have been 
introduced to allow tissue ingrowth into the pores on the surface or even through the 
implant [4]. Therefore, the inertial resistance to the relative movement between device 
and tissue is significantly increased. This is called biological fixation. However, this 
method may cause another problem. If the relative movement is too large, the ingrowth 
tissue may be damaged and the blood supply will be cut off. Furthermore, introducing 
macropores in metal materials increases the surface area and then the surface corrosion, 
which releases unwanted metal ions into the body, causing various medical problems.  
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To avoid the above problems, a layer of bioactive material is coated on bioinert 
implants. Chemical bond is formed between the bioactive material and the tissue, thus 
avoiding the formation of fibrous tissue. Depending on the tissue response, the bioactive 
materials are classified as class A and class B [5]. The characteristics of class A and class 
B are summarized in Table 1.2. Class B materials cannot degrade and only offer a passive 
substrate for bone growth, whereas Class A materials are osteoinductive due to the 
degradation of the material. That means Class A materials can not only provide a 
substrate like class B, but also stimulate the proliferation of osteoblast cell and 
differentiation of the mesenchymal stem cells, and thus enhance the bone growth rate 
[10-12]. For example, some of class A materials can release Si and Ca ions, and 
researchers have found that 17-20 ppm Si and 88-100 ppm Ca ions are helpful for cell 
proliferation and differentiation [13]. Synthetic hydroxyapatite (HA) implants have class 
B bioactivity and 45S5 Bioglass® is considered as a class A bioactive material [14]. 
Table 1.2. Comparison between class A and class B bioactive materials for bone 
replacement 
Class A: not only osteoconductive but 
also osteoinductive 
Class B: only osteoconductive (passive 
substrate) 
Rapid bonding to bone Slow bonding to bone 
Enhanced bone proliferation stimulated 
by degradation product of the Class A 
bioactive materials 
No enhancement of bone proliferation 
Bonding to soft connective tissues No bonding to soft connective tissues 
 
 Although an interfacial bone can be formed between the host tissue and the 
bioactive material, the bioactive fixation is still not a panacea. As far as the biomaterial 
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remains in human body, there are deficiencies due to two factors: 1) the mismatch of 
mechanical properties, which could result in undesirable biochemical and bioelectrical 
stimuli for bone cells, at the interface, and 2) the inability of the interface to remodel in 
response to applied load [5]  
The ideal tissue repair is the one in which the implant helps the recipient regenerate 
new natural tissue that will last for the whole lifetime. Hence, biodegradable materials 
become more attractive and the idea of “bioscaffold” is coming up these days [15]. The 
biodegradable substrate can not only provide a 3D structure that facilitates the generation 
of tissue, but also degrade gradually and, eventually be replaced by the natural host 
completely (a schematic shows the idea of bioscaffold shown in Fig. 1.3). However, 
major deficiency of current biodegradable materials, such as tricalcium phosphate, 
polylactic acid (PLA), polyglycolic acid (PGA) and PLA-PGA copolymers, is that they 
are not bioactive. Therefore, they do not bond to bone or stimulate cells at the genetic 
level. On the other hand, their degradation rates are uncontrollable, the mechanical 
strength is poor and the leachate may lead to potential toxic effects. Therefore, as next 
generation of biomaterials, bioscaffold should be bioactive as well as biodegradable[16].  
Several specific criteria for an ideal bioscaffold have been proposed [17-24]: 
 1) The materials need to be biocompatible, bioactive and biodegradable. 
         2) The scaffold should have high porosity and highly interconnected microns size 
pores (at least 100μm) to allow tissue ingrowth, blood vessel formation, and nutrient 
delivery to the newly formed tissue.  
 3) The strength and stability of the interface must be maintained during the 
degradation period. 
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4) The degradation rates of bioscaffolds and the repair rates of body tissues must be 
matched.  
5) The leachate product from degradation process must not be harmful to the 
surrounding tissue, preferably can direct and stimulate cell differentiation, proliferation 
and extracellular matrix production and organization.  
 
Figure 1.3 A schematic drawing showing the idea of bioscaffold 
 
1.3. Bioactive glass scaffold 
 Glass is generally referred to as inorganic non-crystalline solid. Nonporous glass 
is generally transparent with good shape-forming capability, which makes glass useful in 
wide range of applications in everyday life, such as window glass, laboratory and kitchen 
glassware, optical glass fibers, etc. In late 1960s, Professor Larry Hench - the pioneer of 
bioactive glass, discovered biomedical applications of glass by developing the well-
known 45S5 Bioglass® with his coworkers [25]. The assumption behind their material 
formulation was simple: it should have chemical composition similar to bone tissue, 
which is mainly made of calcium and phosphorus (and, of course, SiO2 and Na2O, which 
are typical glass former and modifier respectively). After extensive tests, they 
synthesized the famous 45S5 Bioglass® with chemical composition 45SiO2-24.5Na2O-
24.5CaO-6P2O5 (by wt%) from the ternary system shown in Fig. 1.4 from Ref. [4]. It has 
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been shown that a biologically active hydroxycarbornate apatite (HCA) layer, the major 
inorganic component of bone tissue (shown in Fig. 1.1.), can quickly form on the surface 
of 45S5 Bioglass®  when placed within an in vivo or in vitro condition [14]. They also 
demonstrated that 45S5 Bioglass® could bond to bone rapidly and directly without 
forming scar tissue, leading to great interfacial strength [26]. Thereafter, 45S5 Bioglass® 
was successfully marketed worldwide as a bone-replacement material [13].  
 
Figure 1.4. Compositional dependent bioactivity for melt-quench glass (From Ref. [4]). 
 
Since clinical interest is currently moving away from the idea of tissue replacement 
to tissue regeneration and tissue engineering, the goal is to replace the dysfunctional or 
missing tissues with the natural ones. For such purposes, 3D BG scaffold is one of the 
most attractive premises for the future because of its excellent bioactivity and potential 
for stimulating osteogenesis [10-12, 27-29] and angiogenesis [30, 31]. For a glass to be 
bioactive, its composition is a critical factor. Typical components include Na2O, CaO and 
P2O5. However, there may be other compositions, even better than 45S5, which are 
introduced using alternate synthesis routes. For example, Na2O-CaO-P2O5-SiO2 system 
[3] has been prepared by the classic melt-quench synthesis method, whereas 58S (60 mol% 
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SiO2-36 mol% CaO-4 mol%P2O5) [32] and 70S30C (70 mol% SiO2-30 mol%CaO) [33] 
are suitable for fabrication by the sol-gel process. All these compositions have shown 
high bioactivity.  It is worth noting that 70S30C bioactive glass are impossible to produce 
using the traditional melt-quench method because of the liquid-liquid immiscibility 
region that is present between 0.02 and 0.3 mole fraction of CaO [34].   
One of the major challenges for the use BG as a bioscaffold is its degradability.  
Several methods can be used to control the degradation rate, including both extrinsic and 
intrinsic factors. The extrinsic factors are pH, humidity and temperature. If the pH of 
solution increases by one unit, the silicon (glass network former) release rate would 
enhance by two orders of magnitude [35]. In addition, enhancement of humidity or 
temperature will also increase the degradation rate of glass. However, when a biomaterial 
is implanted into a physiological system, the surrounding environment is unlikely to be 
changed arbitrarily. Therefore, to control the degradation rate for tissue engineering 
purpose, it is suitable to tune the intrinsic factors, such as the composition and the 
specific surface area.  
Among the intrinsic factors, introducing more glass network modifier (e.g. Na2O) in 
glass composition is a traditional method to modify degradability. However, the 
composition range to maintain bioactivity is narrow and thus it is difficult to find an 
acceptable composition, in which the glass is bioactive as well as biodegradable [3]. 
Another way to modify degradability is tailoring the surface area by introducing pores, 
which can enlarge the surface area and therefore tune the degradability of bioscaffold. 
Introducing controlled macropores and/or nanopores may serve this purpose. It is worth 
noting that since the surface area dramatically increases with decreasing pore size, 
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nanoporosity is a better option to enhance the degradation rate. Moreover, nanopores may 
promote cell functions, since it has been found that nanostructure could influence the cell 
behavior. For example, Woo et al [36] found that poly(L-lactic acid) nano-fibers could 
enhance protein absorption and cell attachment. Elias et al [37] demonstrated that 
osteoblast cells exhibit higher proliferation rate and alkaline phosphatase activity (a 
marker of cell differentiation) on nano carbon fibers (~100nm in diameter) in comparison 
to flat glass surface. More recently, Dalby et al [38] demonstrated that nanoscale disorder 
in Poly(Methyl-Meth-Acrylate) substrate can stimulate mesenchymal stem cells (MSC) 
to produce bone mineral in vitro. Therefore, it would be beneficial to incorporate 
nanopores in bioactive glass.  
On the other hand, macropores (tens to hundreds of microns in diameter) are 
necessary for cell ingrowth and to make the BG as a 3D scaffold, in which 
vascularisation may happen and thus nutrient can be delivered to the new-growth tissue. 
The continuous tissue ingrowth can also provide better fixation between the scaffold and 
the host tissue [21-24]. Therefore, nano-macro dual-porous BG mimics the hierarchical 
structure of bone tissue and could be an ideal 3D bioscaffold.  
 
1.4. Current approaches to fabricate bioceramics/glass scaffold 
Macroporous bioceramic/BG scaffolds have been fabricated utilizing various 
approaches, including polymer sponge replication [17, 39-42], 3D printing [43], dry 
pressing [44-46], freeze casting [47], glass fiber sintering [48], sol foaming [49], and 
spinodal decomposition [50, 51], etc. For polymer sponge replication technique, after 
infiltrating the slurry composed of BG particles into the macroporous polymer foam, 
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followed by burning out the polymer template, one can obtain the ceramic/glass scaffold. 
In 3D printing technique, a concentrated ink is extruded through a tapered cylindrical 
nozzle that is translated using a three-axis motion-controlled stage. The 3D pattern is 
printed in layer by layer sequence. Meanwhile, another method has been developed by 
mixing BG particles with polyethylene glycol (PEG) and dry pressing the mixture in a die. 
Then during sintering process, PEG is burned off leaving behind a porous disk. Recently, 
Rahaman et al applied freeze cast technique to generate porous HA and BG scaffold. HA 
or BG particles are mixed with solvent and then during freezing process, the particles are 
rejected away from the solidifying interface and forced into the interstices between the 
ice crystals. Finally, the mixture is freeze-dried and sintered, leaving behind a porous 
scaffold. For glass fiber sintering technique, the BG is first drawn into fibers, then placed 
in mold and sintered into a scaffold. It is worth noting that in most scaffold fabrication 
methods mentioned here, melt-quench derived BG or bioceramic (e.g. HA ) micron size 
particles/fibers are used as starting material, so that only macropores can be produced.  
As discussed before, incorporation of nanopores is beneficial because they can 
provide higher surface area and hence higher degradation rate. In addition, the 
nanostructure may provide both physical and chemical cue to guide cell attachment, 
migration, even differentiation [36-38, 52]. Various approaches have been attempted to 
introduce nanopores. Most notably, Moawad et al have generated nanopores in 45S BG 
by a modified ‘Vycor’ process, in which nano-scale spinodal phase separation is induced 
in BG followed by devitrification on macro scale by a specialized heat treatment. The 
nano-macro porosity is then accomplished by chemical leaching to remove selective 
phases [53]. Meanwhile, it is well-known that nanopores are inherently present in dry gel 
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prepared by the sol-gel process. Furthermore, sol-gel derived silicate glasses have been 
shown to be more bioactive than conventional melt-derived glasses [54]. Therefore, sol-
gel technique can be used together with other macroporous structure fabrication 
techniques to generate nano-macro dualporous bioscaffold. Actually, bioscaffolds have 
been fabricated by sol-gel based methods. For example, Sepulveda et al [49] produced 
bioscaffolds by foaming the sol followed by drying and sintering to form nano-macro 
porous BG. In their process, surfactant (Teepol) is added into sol, which is the mixture of 
alkoxide, water and nitric acid. Macropores (diameter>100μm) are created by vigorous 
agitation and then freezing of glass by introducing a gelation catalyst (HF). Recently, 
Lofton et al [50] and Marques et al [51] have produced coral-like glass scaffold by 
combining the sol-gel process with macroscale spinodal decomposition. A polymer is 
introduced into the sol-gel solution that consists of silicon alkoxide, water and catalyst, to 
induce spinodal decomposition: one phase rich in polymer and silicon alkoxide, the other 
one rich in solvent are formed. Meanwhile, hydrolysis and polycondensation reaction of 
silicon alkoxide make the fluidity of sol low, ultimately freezing the structure. This 
process is analogous to quenching of glass melt from high temperature, and therefore, 
was called chemical cooling. After aging, drying and stabilization process, the solvent 
and polymer are evaporated out and burned off, respectively, and interconnected 
macropores are generated throughout the nanoporous matrix. 
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Chapter 2: Research Objectives 
2.1. Fundamental challenges in bioscaffold research 
In spite of numerous methods developed thus far, creation of bioceramic/BG 
scaffold with optimal nano-macro dual pores for tissue regeneration remains a challenge. 
Most current methods create scaffolds with macropores only [1-10], leading to 
insufficient large surface area and hence degradability. Although several attempts have 
been made to generate nanopores, in such scaffolds the macropore structure has been less 
than desirable. For instance, in the BG scaffold prepared by ‘Vycor’ process [11], the 
macropores are only tens of microns in size with fairly low pore volume. Meanwhile, it is 
difficult to control the complex phase separation and thus the chemical composition in 
the process. Additionally, its leaching process is very time-consuming and thus it is not 
suitable to fabricate specimen with thickness larger than 3mm [12].  
The sol-foaming method [13] can be applied to make large macropores, however, 
the pore volume must be higher than the percolation threshold to make the spherical 
pores interconnected [14], which leads to weak mechanical strength. Moreover, the size 
of pore throat (i.e. channel to connect adjacent pores), is much smaller than pore body, 
and can barely achieve 100μm diameter, the lower limit for tissue ingrowth and 
vascularization. Recently, sol-gel-cum-spinodal decomposition method has been applied 
to generate the dual porous BG scaffold with highly interconnected macropores [15, 16]. 
Nevertheless, it is still challenging to tailor the macropores up to ~300 μm, the optimal 
value for new tissue and blood vessel growth.  
Nanopores are believed to have significant impact on the BG scaffold’s properties, 
such as degradation rate. It has been shown that nanopores in various materials can 
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influence cell-scaffold interactions [17-20]. However, little attention has been paid to 
tailoring the nanopores and characterizing their role on the performance of BG scaffold. 
Moreover, to decouple the effects of the nanopore topography and surface area, it is 
necessary to develop techniques to make BG scaffolds with different nanopore size but 
the same surface area. 
In vitro and in vivo experiments are of importance to characterize the performance of 
BG scaffold. However, there have been relatively few studies on the in vitro cell and in 
vivo tissue responses to 3D BG scaffolds. For example, although cells have been shown 
to proliferate on the top surface of scaffolds [21], cell functions (e.g. survival and 
penetration) in the macropores deep inside the scaffold are still unknown. Ultimately, to 
demonstrate the viability of bioscaffolds it would be much more convincing to implant 
the BG scaffold into model animal’s body and examine the tissue ingrowth and 
vascularization. 
 
2.2. Statement of objectives 
To address above concerns, in this dissertation I have focused on the following 
objectives:  
1) Tailor the nano and macro pore sizes in the BG scaffold by either manipulating 
the fabrication condition of the current method or developing new technique. 
2)  Systematically study the role of nanoporosity on the BG scaffold performance by 
decoupling the effect of the nanopore topography and surface area. 
3) Control the surface area of BG scaffold to tune the degradation rate. 
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4) Study the in vitro cell and in vivo tissue response to characterize the performance 
of BG scaffolds fabricated by the methods developed in this dissertation. 
 
2.3. Outline of the dissertation 
 This dissertation has been organized as the following: 
After introducing the general area of bioscaffold and most pressing problems 
identified in the previous section, Chapter 3 introduces the principles and working 
mechanisms of several major experimental techniques used in our study, including sol-
gel process, spinodal decomposition, mercury intrusion porosimetry and nitrogen 
adsorption porosimetry. 
In Chapter 4, the sol-gel-cum-spinodal decomposition method is described as 
applied to the fabrication of BG scaffolds, focusing on the optimization of process 
parameters. Further, the In vitro cell and in vivo tissue response to the BG scaffolds is 
examined.  
Chapter 5 presents two methods to tailor nanopores in the BG scafffold: sintering 
and solvent exchange. We systematically study the underlying mechanism of these two 
processes, and then find a way to fabricate BG scaffolds with the same surface area but 
different pore sizes.  
In Chapter 6, the role of the nanoporosity and especially nanopore size on the 
performance of the BG scaffold is evaluated by examining the in vivo tissue and in vitro 
cell response to the BG scaffolds. 
In Chapter 7, we report on the development of a new method, sol-gel process with 
polymer sponge replication, for fabricating nano-macro porous BG scaffolds with 
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optimal macropores (>200μm) for tissue engineering purpose.  A simple way to 
continually tune the surface area is demonstrated. 
Chapter 8 summarizes all the studies in this dissertation.   
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Chapter 3: Experimental techniques 
This chapter is to introduce the theoretical background and technical details of the 
major experimental techniques for fabrication, characterization and evaluation of nano-
macro dual porous bioactive glass (BG) scaffolds. It has been organized as follows: 
Section 3.1 introduces the sol-gel process, which is one of the important methods for 
fabricating porous BG scaffolds.  
In Section 3.2, we discuss the key phase separation mechanisms, spinodal 
decomposition, that has been exploited to introduce macropores in the BG scaffold.  
Section 3.3 and 3.4 present two major methods for characterizing the pore size 
distribution, viz. mercury intrusion porosimetry and nitrogen adsorption porosimetry.   
Section 3.5 and 3.6 discuss the maintenance of cell line and visualization of cells 
used in the evaluation of in vitro cell response to BG scaffold. 
 
3.1. Sol-gel process 
3.1.1 Introduction 
Sol-gel process is a wet-chemical technique to fabricate glassy or ceramic 
materials [1-4]. It involves the preparation of a sol (which is a colloidal suspension 
consisting of solid particles with size less than 1 µm), the gelation of the sol (the particles 
are linked to form a semi-rigid mass network, which is called gel), removal of the liquid 
in the fine interconnected channels within the wet gel network and stabilization of the gel 
by heat treatment. The final product can be a ceramic or glass depending on whether or 
not it crystallizes during the heat treatment.   
The sol-gel process has many applications, including high purity optical 
 29 
 
components [5], thin film materials (by dipping or spinning coating) [6], mono-sized 
particles [7], fiber (by drawing), and biomedical materials [8]. The global market for sol-
gel products is growing fast,  which was $712 million in 2001, increased to $1 billion in 
2006, and would achieve $1.4 billion by 2011[9]. A schematic diagram of the sol-gel 
process outlining the formation of some products is shown in Fig. 3.1[10].  
 
Figure 3.1  Schematic diagram of the sol-gel route to glass/ ceramics  making (from 
ref [10]). 
 
3.1.2 Precursor 
There are two major routes in sol-gel process depending on the type of precursor: 
metal-organic route and metal-inorganic route. The metal-organic route utilizes a metal 
alkoxide as precursor, like tetraethyl orthosilicate (TEOS), while the metal-inorganic 
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route uses metal salts (i.e. chlorides, nitrates and acetates). For example, the inorganic 
metal salt, Al(NO3)3 can go through hydrolysis to form [Al(OH2)6]3+ and then further 
condensate to make Al2O3[1]. However, this route is more difficult to control in 
comparison to the metal-organic route. Therefore, metal alkoxides are the most common 
precursors used in sol-gel process. 
Metal-alkoxides have the general formula of M(OR)N, where M is a metal with 
valence N and R is an alkyl group. Depending on the metal type, the metal-alkoxide is 
further classified into silicon alkoxides, like tetramethyl orthosilicate (TMOS), and non-
silicon alkoxide, such as Ti(OC2H5)4. In this dissertation, silicon alkoxide was used as 
precursor to fabricate the silicate glass scaffolds, and hence it is used as an example in the 
following discussion. 
3.1.3 Hydrolysis and polycondensation 
The first step of sol-gel process involves mixing of precursors with liquid for 
hydrolysis, usually water and/or ethanol. Then the gelation process including hydrolysis 
and condensation reactions occurs as follows: 
Si(OR)4 + H2O  (RO)3SiOH + ROH                   (hydrolysis)                      (3.1.1) 
The partial hydrolysis continues until completion as:  
 Si(OR)4 + 3H2O  Si(OH)4 + 3RO                      (hydrolysis)                       (3.1.2) 
After the precursor is partially hydrolyzed, poly-condensation takes place:  
Water condensation:  2(RO)3SiOH  (RO)3Si-O-Si(OR)3+ H2O                     (3.1.3) 
Alcohol condensation: (RO)3SiOH + ROSi(OR)3(RO)3Si-O-Si(OR)3+R(OH) 
                                                                                                                             (3.1.4) 
It is worth noting that the above reactions can be reversed. For instance, the 
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reverse reaction of hydrolysis (3.1.1) is esterification, and the alcoholysis and the 
hydrolysis are reverse reaction for water (3.1.3) and alcohol condensation (3.1.4), 
respectively.  
The reaction kinetics is quite sensitive to various factors including: hydrolysis 
ratio (water to precursor ratio), the nature of catalyst, the steric hindrance of the alkyl 
groups, the nature and pH of solvent and the temperature. In general, the hydrolysis rate 
could be enhanced by increasing the temperature and/or hydrolysis ratio, whereas it 
would be lowered by branching or increasing of the alkyl group length. For example, 
TMOS has higher hydrolysis rate than TEOS, and silicon alkoxides are among the 
slowest to hydrolyze compared to other metal alkoxides [11].    
 
Figure 3.2. (a) hydrolysis rate, and (b) dissolution rate and relative gel time as a 
function of pH. (from ref. [12]). 
 
Regarding pH, the hydrolysis rate is higher in both acid-catalyzed and base-
catalyzed condition than in neutral solution (as shown in Fig. 3.2a, from[12]). Therefore, 
the gel material is usually synthesized under acid-catalyzed or base-catalyzed condition.  
 32 
 
As for condensation (Fig. 3.2b), in the region of pH 2 to 6, the condensation rate is 
proportional to [-OH] concentration. The polycondensation rate is lower for the precursor 
with more alkoxy groups being hydrolyzed and hence the reaction at the terminal Si is 
favored. Therefore, the acid catalyzed gel is weakly branched polymer-like network. 
During the gelation process, they entangle to form additional branches, which results in a 
more homogeneous microstructure with high surface area. However, under base-
catalyzed condition, the polycondensation rate is higher for the precursor with more 
alkoxy groups being hydrolyzed, which leads to highly branched structure (i.e. clusters). 
Furthermore, since the dissolution rate of silica in the basic solution is significantly 
higher than that in acid, the highly soluble smaller clusters dissolve and re-precipitate on 
the larger clusters. This process is the well-known Ostwald ripening, which is also related 
to pH. These clusters do not interpenetrate prior to gelation, and thus behave like discrete 
particles. As a result, the gel network tends to be composed of many individual, compact 
domains with mesopores in between, and usually has relatively lower surface area in 
comparison to the acid-catalyzed gel material [13]. The schematic representation of 
microstructure of gel materials prepared under acid-catalyzed and base-catalyzed 
condition is shown in Fig. 3.3 (taken from ref [3]).  
 
Figure 3.3. Schematic representation of gel microstructure fabricated under (a) acid-
catalyzed and (b) base-catalyzed condition (from ref [3]). 
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3.1.4 Aging, drying and Stabilization 
Gel aging is an extension of the gelation step in which the gel network is 
reinforced through further polymerization. During this process, additional crosslinking 
continues when the un-reacted terminal groups (e.g. OH and OR) connect with each other, 
that can further strengthen the gel network. Condensation between neighboring clusters 
leads to shrinkage of the gel network and expels the liquid from the pores inside. These 
processes continue long after the gelation point [2]. 
During drying, the liquid is removed from the gel system. Meanwhile, a capillary 
force generates at the interface of air and liquid: 
                                    P = -2γcosΘ/r       (3.1.5)       
where γ is the surface tension at liquid-air interface, Θ is the contact angle between liquid 
and solid, r is the radius of the capillary. Because r is small (less than tens of nm for pores 
in gel network), the capillary force is non-negligible, which often causes cracking in the 
bulk sol-gel derived materials. For this reason, it is technically difficult to use the sol-gel 
process to fabricate dense bulk materials. Of course, the problem is not severe for small 
particles and thin film materials. 
To solve the cracking problem, several methods have been developed, such as 
controlled slow evaporation from well-aged gel, use of drying controlled chemical 
additives (DCCA), freeze drying and critical point drying.  Controlled slow evaporation 
from well-aged gel slows down the drying process and eases stress at the cost of long 
drying time.  Use of DCCA, such as formamide and N,Ndimethylformamide, makes Si-
O-Si bond stronger and generates higher cross-linked structure and increases the 
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resistance to cracking stress. Moreover, it has been found that DCCA increases the pore 
size r, which reduces the capillary force [14]. However, one drawback of this approach is 
that as the whole structure becomes more rigid with larger pores, further densification of 
the material during sintering process becomes increasingly difficult when a dense 
material is desired.   
 
Figure 3.4 Schematic illustration of (a) freeze-drying and (b) critical point drying. 
 
To erase the capillary force effect, one way is to avoid liquid/vapor interface, 
which can be achieved by either freeze-drying or critical point crying. The gel produced 
by conventional drying is referred as xerogel, while the one produced by freeze-drying 
and critical point drying is called cryogel and aerogel, respectively. For freeze-drying 
(Fig. 3.4a), liquid is first frozen into solid and then removed through sublimation process 
under a vacuum. The major drawback of this technique is that it is very time consuming.  
For critical point drying (Fig. 3.4b), the wet gel is put in a closed chamber where 
temperature and pressure increases above the critical point. Under this condition, the 
liquid and the vapor phases are indistinguishable. Therefore, there is no capillary pressure 
or drying stress due to the absence of liquid/vapor interface. The critical point of water is 
 35 
 
341°C and 22.0MPa, and 243°C and 6.4MPa for ethanol. This high temperature and high 
pressure dramatically increases the process cost. Instead, CO2, which has critical point of 
40°C and 8.5MPa, is used to replace the liquid (i.e. water and/or alcohol) in the gel 
network before raising the temperature and pressure above critical point of CO2 [15]. 
There is little shrinkage during the critical point drying. Hence it can produce very porous 
but fragile materials [2].  Of course, the CO2 drying process is still time consuming and 
expensive, and thus rarely used in mass production in industry. On the other hand, it is 
worth noting that the critical point crying can be useful for preparing biological cell 
specimens for electron microscope (EM) observation. To observe cell morphology under 
EM, the specimen needs to be dried before putting in vacuum chamber of EM.  The 
critical point drying method can be used to preserve the cell structure for EM observation.  
The dried gel has high surface tension and internal stress, and is often chemically 
unstable compared to the conventional glass/ceramics prepared from the high temperature 
route. Therefore, heat treatment is generally employed to release the stress and thereby 
stabilize the material, eliminate residual pores and thus densify the material if needed. 
With increasing temperature, several reactions occur during the heat treatment process 
[16]:  
(1) <200°C: depletion of physically adsorbed solvent; 
(2) 300°C - 500°C: decomposition of residual organic groups into CO2; 
(3) > 500°C: viscous flow sintering depending on the composition of the 
materials. 
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It is important to keep a relatively low heating rate. Otherwise, the gel may bloat, 
enlarge residual pores by rapid expansion of trapped gas, and also result in the presence 
of carbon residue due to incomplete oxidation of organic groups.   
3.1.5 Advantages and challenges associated with the sol-gel process 
   In comparison to the conventional ceramic / glassy materials fabricated through 
the high temperature route, the sol-gel process offers several advantages [1]: 
(a) Better homogeneity and purity from raw materials. 
(b) Lower temperature of preparation, which can 
1. Save energy; 
2. Minimize evaporation losses; 
3. Minimize air pollution; 
4. Minimize/eliminate reaction with the container, thus preserve purity; 
5. Bypass phase separation; 
6 Bypass crystallization; 
(c) New noncrystalline solids with composition outside the range of normal 
glass formation. 
(d) New crystalline phases from new noncrystalline solids. 
(e) Better glass products from special properties of gel. 
(f) Special products such as thin films 
The disadvantages include long processing time, relatively high cost of  the raw 
materials, health hazard from the precursor, volatile product (very sensitive to the 
preparation condition) and the difficulty of preparation of monolith sample [1]. In 
addition, some precursors are not stable and commercially unavailable, like alkoxide of 
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group I and group II elements [2].  
3.1.6 Bioactive glass fabrication through sol-gel route 
The sol-gel process has been widely used in the fabrication of various kinds of 
biomaterials [17, 18], including BG [8], hydroxyapatite [19], zirconia [20, 21] and titania 
[22]. Among them, BG is the most promising material for bioscaffolds because of its 
bioactivity and biodegradability. 
In this dissertation, I fabricated a simple but significant BG composition, 70S30C 
(70 mol% SiO2 – 30 mol% CaO) [23, 24] starting with TMOS and Ca(NO3)2•4H2O as 
precursors to provide Si and Ca to the structure, respectively. TMOS was chosen because 
of its highest hydrolysis rate among silicon alkoxides, which is useful to shorten the 
fabrication cycle as well as easy for freezing the fast evolving macrostructure in spinodal 
decomposition method (see section 3.2). On the other hand, it is well-known that Ca 
alkoxide (e.g. calcium methoxide) or Ca inorganic salt can also be used to introduce Ca 
[Ref??]. However, CaO is likely to precipitate out first when mixing Ca alkoxide with 
TMOS because its hydrolysis is much faster than that of silicon alkoxide. If the size of 
the precipitate is too big, CaO will be difficult to incorporate in the silica network later on, 
leading to composition inhomogeneity. Among inorganic salts, calcium nitrate is one of 
the best choices because other Ca inorganic salts, such as CaCl2 and CaSO4, are more 
thermally stable and the anions are more difficult to be removed during the subsequent 
heat treatment, whereas Ca(NO3)2 decomposes upon heating to release NO2.  
To make the sol-gel derived BG, Ca(NO3)2.4H2O is dissolved into 0.05N acetic acid 
solution, to which tetra-methylortho-silicate (TMOS) is added precisely to make 70S30C 
composition. After vigorous stirring, samples are gelled and then aged at 40°C. It is worth 
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noting that the gelling process can be facilitated by adding HF as a catalyst.  
The sol-gel process can be combined with either spinodal docomposition or polymer 
sponge replication method to fabricate nano-macro dual porous BG scaffolds. Further 
experimental details of this process will be discussed in the following sections. 
 
3.2. Spinodal decomposition 
3.2.1  Phase separation mechanisms 
Basically, there are two different mechanisms of phase separation: (a) nucleation and 
growth, (b) spinodal decomposition. In a system, in which two components are mixed at a 
certain temperature and pressure, the change of Gibbs free energy upon mixing can be 
expressed as: G H T S∆ = ∆ − ∆ . Fig. 3.5(a-c) shows G∆  of endothermic reaction in which 
0H∆ > , and its first and second derivatives, respectively. Fig.3.5(d) demonstrates the 
immiscibility dome ( 0G
c
∂
=
∂
) and chemical spinodal dome (
2
2 0
G
c
∂
=
∂
). Outside of the 
immiscibility dome, the system is in an equilibrium state because the change of 
composition would result in energy increase.  
Inside of the immiscibility dome, the system is unstable. For an infinitesimal 
fluctuation in composition 0C C± ∆ , the total Gibbs free energy will change by an 
amount of cG∆ given by [25]: 
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∆ = ∆                              (3.2.1) 
If the compositions fall between the miscibility boundary and the spinodal, where
 
2
2
G
c
∂
∂
>0, a small fluctuation in composition will increase the free energy. Therefore, the 
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system is in a state of metastable equilibrium and must overcome an energy barrier to 
separate into two phases, so phase separation proceeds by a process of nucleation and 
growth. Within the spinodal dome where 
2
2 0
G
c
∂
<
∂
, any infinitesimal fluctuation 
decreases the free energy. Therefore, compositions are unstable, and separate 
spontaneously by spinodal decomposition.  
 
Figure 3.5. (a) Gibbs free energy at T1, (b) the first derivative of the Gibbs free 
energy at T1 (c) the second derivative of the Gibbs free energy at T1 (d) phase diagram.  
 
3.2.2  Morphology and evolution of spinodal decomposition 
The primary difference between the nucleation and the spinodal is the morphology 
of the resulting phases: nucleation and growth produces isolated precipitates of the new 
phase such as droplets, while spinodal decomposition leads to interconnected and worm-
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like morphology (shown in Fig. 3.6). However, the distinction between the 
microstructures is likely to decrease as time of phase separation increases because the 
continuous phases can break up and the droplets can form necks. 
In this dissertation, spinodal decomposition is used to create two interconnected 
macro-scale phases: sol-gel material and liquid. After drying and heating processes, the 
sol-gel material remains and is stabilized, while liquid evaporates leaving behind 
interconnected pores. Therefore, we can obtain an interconnected porous structure. Of 
course, some residues might precipitate and deposit on the surface of the sol-gel phase 
upon drying.  
 
(a)                                                  (b) 
Figure 3.6 Schematic diagram showing the morphology of (a) nucleation growth-type and 
(b) spinodal-type phase separation (from ref [26]). 
 
Morphology evolution of the spinodal decomposition can be described by Cahn-
Hilliard equation[27]:   
           
2 hom
2 4
0 2[ 2 ]
B
B c B
B
C fM C K C
t C
∂ ∂
= ∇ − ∇
∂ ∂
       (3.2.2) 
Where, BC  is the composition, t is time, M0 is related to the diffusivity, f hom is the 
free energy density of the homogeneous system, and Kc is the gradient-energy coefficient.    
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A numerical simulation of equation (3.2.2) is shown in Fig. 3.7. It demonstrates the 
morphology evolution of the spinodal decomposition. The system is initially uniform 
with an unstable concentration within spinodal dome (shown in green in Fig. 3.7). Then it 
starts decomposing into two highly interconnected phases with composition CA (red) and 
CB (blue) with a characteristic length scale. The interface between phases is highly 
diffuse. Subsequent evolution coarsens the characteristic length scale and increases the 
degree of the interface sharpness but the interconnectivity remains. When the phase 
separation reaches the spinodal dome boundary, the spinodal decomposition stops. 
However, further phase separation can take place by nucleation and growth. Therefore, 
the spinodal is an incomplete phase separation process.  
 
Figure 3.7 3D modeling of spinodal decomposition evolution. (from ref [28]). The green 
domain demonstrates a uniform system with an unstable concentration within spinodal 
dome. The red and blue regions are two highly interconnected phases with different 
composition CA and CB, respectively. The yellow areas show the intermediate stage 
during the transition from green to red. 
 
3.3.3 Spinodal decomposition for macropore creation in BG scaffold 
The evolving spinodal decomposition structure can be frozen to create 
interconnected macroporous structure. In this work, we used polyethylene oxide (PEO) to 
introduce spinodal decomposition in a sol. Nakanishi  et al have proposed that during the 
reaction process the PEO attaches onto the surface of the silica oligomers.  The repulsive 
force between the solvent and the PEO leads to spinodal phase separation [29] and thus 
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creates two interconnected phases, one is silica gel rich and another is liquid rich. Two 
phases would coarsen during the subsequent evolution of spinodal decomposition (as 
shown in Fig. 3.7). Since silica density is about 2.2 times of the water density, the 
macrostructure would collapse due to gravity if the viscosity of sol is too low. Therefore, 
sol-gel transition needs to be sufficiently fast to freeze the phase separation 
macrostructure at the point when the scale of phase separation is large enough to provide 
sufficiently large macropores, but not yet too large to cause the collapse of macroporous 
structure. The experimental details of this situation will be discussed in Chapter 4 and the 
corresponding protocol is given in Appendix A.  
 
3.3. Mercury intrusion porosimetry 
Mercury intrusion porosimetry has been widely used to measure the pore size from 
tens of nanometers to hundreds of microns. This technique is based on the phenomenon 
of capillary rise of non-wetting liquid like mercury. Pressure is needed for the mercury to 
overcome the capillary force and intrude into the pores (shown in Fig. 3.8). To fill smaller 
pores, higher pressure is required. Therefore, the mercury volume intrusion into pores as 
a function of applied pressure reveals the information of the pore size distribution.  
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Figure 3.8 Schematic diagram showing mercury intrusion into different pore size as 
a function of applied pressure.  
 
 Fig. 3.9 demonstrates a schematic of the intrusion of non-wetting liquid into pores 
under external pressure P. At the equilibrium state,  
                                                 Pπr2 = -2πrγcosΘ 
where r is the pore radius, γ is the surface tension of the mercury and Θ is the contact 
angle between mercury and sample, Pπr2 is the external force, and -2πrγcosΘ is the 
capillary force. The minus sign is used here because Θ is larger than 90°. Therefore, the 
relationship between the pore size and the pressure can be simplified to: 
                                                  r = -2γcosΘ/P            (3.3.1) 
The surface tension γ and the contact angle Θ can vary slightly depending on the 
sample material [2]. For mercury on our calcium silicate glass (composition: 70SiO2-
30%CaO), γ = 485 dynes/cm and Θ = 130°[30]. Hence, if MPa and μm are used as unites 
of P and r, respectively,   
                  r = 0.735/P   (μm)                                       (3.3.2) 
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Figure 3.9 Schematic diagram of mercury intrusion into pore with radius of r under 
external pressure P. 
 
The size of pore intruded by mercury is inversely proportional to the applied 
pressure. Therefore, the intrusion curve, which is the mercury intrusion volume vs. the 
applied pressure can be converted into the pore volume vs. the pore size, which is pore 
size distribution. 
For porosimeter, a small pressure of 0.5psia (=0.0034Mpa) is applied to pre-fill the 
chamber with mercury before analysis. Then the intrusion volume is recorded as pressure 
increases stepwise to generate intrusion curve. The highest pressure our machine 
(AutoPore IV 9500 porosimeter, Micromeritics, Norcross, GA) can generate is 60,000 
psia  (~400MPa). Next, when decreasing the pressure, the mercury extrudes out of the 
pores due to its non-wettability and the extrusion curve (extrusion volume vs. pressure) is 
obtained. In the case that the pores are not cylindrical as shown in Fig. 3.10, the intrusion 
curve gives a measure of the radius of the pore throat rt, while the extrusion volume 
corresponds to rb, the radius of inner pore. In this dissertation, the pore throat is a 
significant parameter of our porous BG scaffold, and hence we use the intrusion curve to 
calculate pore size distribution.  
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In principle, the mercury intrusion porosimeter can measure the pore size from 
6nm to 300μm, which is determined by the highest pressure of 60,000 psia and prefilling 
pressure of 0.5psia, respectively, using equation (3.3.2).  However, there are always some 
inter-space between the sample and the wall of the chamber, where mercury can not enter 
during the pre-filling. This makes the high-end measurement accuracy of large pores 
questionable. On the other hand, for the low end of the measurement, the high pressure 
might crack the fragile samples like glass, which could make the results inaccurate. 
Overall, for our porous glass material, the practical range of this technique is from 100nm 
to 200μm.  
 
Figure 3.10 Schematic drawing of a pore with narrow pore throat 
 
In this work, we have used AutoPore IV 9500 porosimeter (Micromeritics, Norcross, 
GA) to characterize the macropores in porous glass. To avoid any trapped moisture 
frozen inside and thereby block the pores, sample is degassed before analysis by heating 
specimens to 150°C at 2°C/min step and holding at the temperature for 2h. After loading 
the specimen in the machine, a pressure of 0.5psia (=0.0034Mpa) is applied to pre-fill the 
chamber with mercury. The pressure then increases to 60,000psia step-wisely for 
generating intrusion curve, which is used to calculate pore size distribution. 
 
3.4. Nitrogen adsorption porosimetry 
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3.4.1 Introduction 
    Gas adsorption is widely used to measure the surface area and nanopore size 
distribution in solids. This technique is based on the physical adsorption of gas molecules. 
Nitrogen is commonly used because of its availability, relative low cost, inertness and 
safety. 
The working principle of nitrogen adsorption porosimetry is demonstrated in Fig. 
3.11. The experiment is conducted at the nitrogen boiling temperature (77.36K). First, the 
sample is placed in vacuum for a while to remove the gas molecules on the surface. Then 
nitrogen is filled in and some isolated sites on the sample surface start adsorbing gas 
molecules at low pressure. As pressure increases, the coverage of molecules increases to 
form a monolayer. At this point, the surface area can be measured by counting the gas 
molecules adsorbed on the surface. Further increasing the pressure, the gas molecules 
begin to form multilayer and fill the small pores. When the pressure still increases, the 
larger pores would be filled. Therefore, gas molecules condense in different pores at 
different pressure, which can be used to calculate the pore size distribution.  
Since the variation of saturation pressure with the pore size change is significant for 
nanopores (< 100nm), but become subtle when the pore size is larger than 100nm, this 
technique is only suitable to measure the pore size under 100nm. In comparison to 
mecury intrusion porosimetry, nitrogen adsorption is a non-destructive technique because 
the gas desorbs easily from sample after the analysis. The details will be discussed in 
section 3.4.4. 
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Figure 3.11 Schematic diagram demonstrating the working principle of nitrogen 
adsorption technique [from Micromeritics Gas Sorption brochure.] 
 
3.4.2 Isotherms 
Nitrogen adsorption porosimeter can only directly measure the adsorption and 
desorption isotherm curves, which give the amount of gas adsorption vs. pressure with 
the temperature fixed at the nitrogen boiling temperature (77.36K). An example of 
isotherm curve measured from a nanoporous glass is shown in Fig. 3.12.  To derive the 
surface area and pores size distribution from the isotherm curve, different models, such as 
BET [31] and BJH[32], have been proposed. Details will be discussed in the following 
subsections. 
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Figure 3.12 Adsorption (shown with solid triangle) and desorption (shown with hollow 
circle) isotherm curves of a nanoporous glass. 
 
The schematic in Fig. 3.13 shows the process of measuring adsorbed amount at each 
pressure point using nitrogen adsorption porosimetry. We have two chambers A and B 
with the same volume. The sample, which is small and has negligible volume, is placed 
in chamber B, which is initially separated from chamber A by a closed valve. The initial 
pressure in chamber B (PB) is equal to P1, while chamber A has higher pressure PA=P1+ 
ΔP. Then we open the valve to allow both chambers to reach equilibrium state. Since 
pressure increases in chamber B, additional nitrogen molecules would adsorb on the 
sample surface. The equilibrium pressure P’ is higher than P1, but lower than P1+ ΔP/2 
due to the additional adsorption. The additional adsorption on sample (Δn) can be 
calculated by using the ideal gas law (PV=nRT): 
Mole number of free gas molecule before opening the valve: n=(2P1+ΔP)V/(RT). 
Mole number of free gas molecule after opening the valve: n’=2P’V/(RT). 
Then Δn= (2P1+ΔP-2P’)/RT. 
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The above measurement is performed at multiple pressure points in the order of 
increasing pressure to generate nitrogen adsorption volume vs. pressure isotherm curve, 
called adsorption curve. Similarly, to measure the desorption curve, the chamber A is 
connected to a vacuum to create a negative value of ΔP at each pressure, and the isotherm 
is measured in the order of decreasing pressure. Typical adsorption and desorption 
isotherm curves of nanoporous glass are shown in Fig. 3.12. 
 
Figure 3.13 Schematic diagram of nitrogen adsorption porosimetry setup. 
 
3.4.3 BET theory to calculate surface area 
The BET theory [31], named after its originators, Brunauer, Emmett and Teller, has 
been widely used to calculate the surface area from isotherm. The BET equation can be 
expressed as 
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where C is a constant, aV  is the adsorbed gas quantity/volume, mV  is the monolayer 
adsorbed gas quantity, and P and 0P  are the equilibrium and the saturation pressure, 
respectively.   
Therefore, if applicable, a plot of  
0( )a
P
V P P−
 vs. 
0
P
P
 should yield a straight line 
with intercept of  1
mV C
 and slope of 1
m
C
V C
− , from which the values of mV  and C can be 
obtained. For monolayer adsorption, mV  can be used to calculate the specific surface area 
(surface area per unit mass):  
0
A mN VS
mV
σ
=   
where AN  is the Avogadro number, σ  is the cross section area of an adsorbed gas 
molecule, m is the mass of the measuring sample, and 0V  is the molar volume of 
adsorbed gas. 
3.4.4 BJH theory for measuring pore size distribution 
The BJH method has been widely used to calculate the pore size distribution from 
isotherms [32]. As pressure increases after monolayer formation, nitrogen gas forms 
multilayers and precipitates in small pores. Further increasing the pressure, the gas 
molecules condense in larger pores at lower pressure. Based on this phenomenon, Barrett, 
Joyner and Halenda proposed a method (BJH method) to calculate the pore size 
distribution [32]. When gas condensation occurs in cylindrical pores with radius of r, the 
relative pressure (P/P0) is given by Kelvin equation:  
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in which, P  and 0P  are the equilibrium and saturation pressure, respectively,  LVγ is the 
liquid-vapor interface tension, LV  is the molar volume of the condensed liquid, θ  is the 
contact angle between the solid and the condensed liquid, R is the gas constant, T is the 
absolute temperature, which is the nitrogen boiling temperature (77K) in this case. For 
nitrogen adsorption, 38.72 10 /LV N mγ
−= × , 6 334.68 10LV m
−= × , 0θ = , T=77K, 
therefore, the Kelvin equation can be simplified as:  
 0
0.414
ln( )
r nmP
P
= −
                                   (3.4.3) 
Therefore, the pressure is directly related to the size of pores in which gas molecules 
start condensing.  The adsorption isotherm curve, which is the adsorption volume vs. the 
relative pressure, can be converted into pore size distribution (the adsorption volume vs. 
pore size). From equation (3.4.3), when P approaches P0, a small measurement error in P 
can cause dramatical change of r, and thus the technique is unsuitable to measure the 
pores larger than 100nm.  
In reality, the pores are not always cylindrical. It has been shown that in the pores 
like the one shown in Fig. 3.10, the desorption branch of the isotherm corresponds to the 
radius of pore throat rt, while the adsorption branch corresponds the radius of the body rb 
[2].   
3.4.5 Experimental procedure 
In this work, we have used ASAP 2020 nitrogen adsorption machine (Micromeritics, 
Norcross, GA) to characterize the nanopores in porous glass. 
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To avoid any trapped moisture frozen inside and thereby block the nanopores, 
sample is degassed in vacuum before analysis. It is first heated to 90°C at 2°C/min 
ramping rate and held for one hour. This is to ensure the moisture is evaporated out 
completely but slowly to avoid bloating and enlarging the pores by rapid expansion of 
trapped gas. Then the sample continues to be heated to 150°C at 2°C/min and held at 
150°C until the degassing rate is smaller than 3mmHg/min.  The degassed sample is kept 
in a sealed glass sample tube with dried nitrogen inside.  
The adsorption isotherm curve from 0.05P0 to 0.2P0 is used for generating a plot of  
0( )a
P
V P P−
 vs. 
0
P
P
 to calculate the BET surface area, which usually yields the correlation 
coefficient higher than 0.9999.  The desorption curve of the isotherm from 0.995P0 to 
0.05P0 is used to calculate the BJH pore size distribution. It usually yields pore size 
distribution from 1.7nm up to ~100nm, which perfectly covers the nanopore sizes (from 
3nm to 30nm) in my porous glass sample.  
 
3.5.  Maintenance of cell line  
Cell culture has been widely applied alone or in conjunction with animal tests to 
study the performance of new biomaterials [33]. Cells can be obtained by means of 
primary culture, in which cells are surgically removed from a living organism, placed into 
an appropriate culture environment and then divide and proliferate. Alternatively, the 
established cell lines can be bought from organizations, like American Type Culture 
Collection (ATCC) and PromoCell. 
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There are two basic types of cell culture systems used for growing cells: monolayer 
culture system, in which cells attach to a substrate, and suspension culture system, in 
which cells are floating free in the culture medium [33]. Many cell lines are anchorage-
dependent, that is, they can only grow when attached to a suitable substrate. Some cells 
are anchorage-independent and they are able to grow either attached to a substrate or 
floating free in suspension.  
Cells need to immerse in suitable culture medium, which provide nutrient and 
growth factors, and regulate the pH and osmolality. [33] Certain substance can also be 
added to prevent biological contamination (i.e. yeast, bacteria and fungi). In addition, cell 
culture need to maintain in a closed incubator with suitable temperature, gas atmosphere 
and humidity.  
For anchorage-dependent cells, they can continue dividing in a suitable 
environment until all the space has been filled up (that is called confluency,). At that time 
they must be subcultured to give them more room for continued growth [33]. In the 
subculture process, cells need to be detached from substrate using certain enzyme, such 
as trypsin, to break the cell surface protein. Upon released, they can be collected and 
subdivided into new culture plates.  
In this dissertation, MG63 osteoblast-like cells (ATCC, CRL-1427) and MC3T3-E1 
subclone 4 new born mouse calvarial bone pre-osteoblast cells (ATCC, CRL-2593) are 
chosen as the models to study cell response to our BG scaffolds. Cells are cultured in 6 
cm tissue culture dishes and maintained in an incubator at 37 ˚C, 5% CO2, 95% air and 
saturated humidity. Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS) to provide growth factors and 1% penicillin/streptomycin as 
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antibiotic is applied as complete culture medium for MG63 cells, while Alpha minimum 
Essential Medium (α-MEM) supplemented with 10% FBS and 1% 
penicillin/streptomycin recommended by ATCC [34] is  used for MC3T3 cells. Cells are 
subcultured upon confluency at 1:10 split ration.  
 
3.6. Visualization of cells 
Evaluation of cell response to biomaterials, such as cell viability, attachment, 
migration, proliferation and differentiation, is an important and prerequisite step before 
any clinic use. Visualization of cell can provide important information about the cell 
functions, therefore, has been widely used in in vitro cell response study.  
There are two major tools used in visualizing cells: optical microscopy and 
electron microscopy (EM).  Comparing to EM, optical microscope is easy to use, relative 
nondestructive and can provide image in color. Furthermore, by tagging specific cell 
components with fluorescent markers, the movements and interactions of subcellular 
compartments in living cells can be visualized [35]. However, resolution of optical 
microscope is limited due to its wavelength.  In this regard, EM can resolve much smaller 
structures. But it comes with costs: specimens need to be placed in a vacuum system 
upon imaging. Therefore, cells usually cannot be viewed in the living or wet state. To 
preserve the original cell structure faithfully, it is necessary to prepare the specimen 
appropriately. For example, the cells are usually fixed by covalently cross-linking protein 
molecules using some chemicals, such as glutaraldehyde or formaldehyde, followed by 
careful dehydration.  
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In this study, for cell visualization under optical microscopy, a LIVE/DEAD® 
Viability/Cytotoxicity Kit (Molecular Probes, Invitrogen, Carlsbad, CA) is used to stain 
and quantify cell-viability by following manufacturer’s instructions [36]. Alternatively, 
for cell morphology and attachment observation, cytoskeletal F-actin filaments and cell 
nuclei are stained with Alexa488-Phalloidin (green) and Propidium Iodide (red) 
(Invitrogen, Carlsbad, CA) after fixation of cells on the scaffolds in 4% formaldehyde for 
15 min at room temperature. The cell density and morphology on scaffold specimens are 
determined by fluorescence (Nikon Eclipse TE200U) and confocal microscopy (Zeiss 
LSM 510).  
For scanning electron microscopy (SEM) examination of cells grown on BG 
scaffolds, samples are removed from tissue culture plates, rinsed in 0.1 M phosphate 
buffer solution, fixed in 0.1 M phosphate buffer supplemented with 3% glutaraldehyde 
(w/v), rinsed in 0.1 M phosphate buffer, followed by stepwise dehydration in a graded 
series of ethanol (35%, 60%, 80%, 95%, 95%, and 100%) [37]. After drying with 
hexamethyldisilazane (HMDS, Sigma) [38], samples are mounted on SEM stubs using 
colloidal graphite and then coated with a thin iridium film by sputtering to eliminate 
charging. Specimens were imaged with SEM (Phillips, XL-30) using a relatively low 
accelerating voltage of 5 kV.  
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Chapter 4: Fabrication of 3D nano-macro porous 
bioactive glass scaffold by combining sol-gel-cum-
spinodal decomposition method for hard tissue 
engineering 
4.1. Introduction 
An ideal bioscaffold must satisfy the following criteria: biocompatibility, bioactivity, 
biodegradability, high porosity, and interconnectivity of micron size pores (>100µm) for 
tissue ingrowth and blood vessel formation [1-6]. Generally, the conventional ceramic 
and glassy material are not sufficiently biodegradable. To solve this problem, nano-
macroporosity has been introduced. Nanopores can provide much higher surface area and 
degradation rate, and meanwhile the interconnected macropores can allow ingrowth of 
cells, vascularization and nutrient delivery. As discussed in Chapter 3, the nanopores are 
inherent to the sol-gel method, and the spinodal decomposition can create highly 
interconnected macrostructure. Therefore, by combining sol-gel process with spinodal 
decomposition, one can achieve highly interconnected nano-macro dual porous 
bioscaffold.  
This technique was first introduced by Nakanishi’s group in 1994 [7, 8]. They used a 
polymer to introduce spinodal decomposition in a sol, and thus created two 
interconnected phases, one is silica gel particle rich and another is liquid rich. During the 
sol-gel transition process, the viscosity of the sol increased and froze the phase separation 
macrostructure. After drying and heat treatment, silica gel remained as the stable phase, 
while liquid phase evaporated leaving behind interconnected pores. In their work, pure 
silica glass was fabricated for high performance liquid chromatography application. In 
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2005, Lofton et al first introduced the idea to the field of bioactive glass/ceramics [9]. 
But their macropore size was smaller than 50µm, and not suitable for tissue growth. In 
2007, Marques et al improved the fabrication condition and created coral-like glass 
scaffolds at ~100µm scale [10]. However, the composition of their final product was 
slightly different from the BG target, 70 mol% SiO2 - 30 mol% CaO, because the Ca was 
partially lost during their fabrication process. Furthermore, in the previous studies, the 
underlying mechanism of the sol-gel-cum-spinodal decomposition has not been fully 
studied and understood.  Also there are few studies of the in vitro or in vivo biological 
response to the BG scaffolds. 
In this Chapter, we report on the synthesis of nano-macro porous BG scaffolds by 
combining the sol-gel with spinodal decomposition. The reaction mechanisms in the 
multi-component multi-porous sol-gel system have been systematically studied, and the 
fabrication conditions have been optimized. Furthermore, osteoblast-like cell’s in 
vitro and animal tissue’s in vivo responses to this novel nano–macro porous 3D structure 
are investigated. 
 
4.2. Experiment 
We selected 70 mol% SiO2 – 30 mol% CaO composition, referred to as 70S30C in 
the literature, for fabricating 3D nano-macro porous BG scaffold. First, 1.4g polyethylene 
oxide (PEO, Alfa Aesar 42236) with molecular weight of 100,000 was dissolved in 20mL 
0.05N acetic acid (pH = 3.0, Fisher Chemical, A38-500) solution. Then 9mL tetramethyl 
orthosilicate (TMOS, Acros Organics 99%, 2038255000) and 6.18g calcium nitrate 
tetrahydrate Ca(NO3)2.4H2O (Sigma, 237124) were added into the solution. The ratio of 
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TMOS and Ca(NO3)2.4H2O is determined by the desired glass composition.  After 
vigorous stirring, 2.5 vol% HF (Fisher Chemical, A146-1Lb) was added as a gelation 
catalyst, followed by further stirring for ~20s to make it homogenous. Next the sol was 
immediately cast into wells of tissue culture plates (BD biosciences, 353047). Samples 
were aged at 40 °C for 1 day, and then soaked in 1N ammonia solution for 3 days for 
solvent exchange, if needed, before they were dried in a humidifier (Cincinnati Sub Zero, 
Cincinnati, OH) and thermally stabilized in a furnace at 700 °C. The thermal stabilization 
process was established based on the results of Differential Thermal Analysis (DTA) and 
Thermo Gravity Analysis (TGA) using STA409C (Netzsch Thermal Analysis, Selb, 
Germany) in air atmosphere and TGA Q-500 (TA instruments, New castle, DE) in 
nitrogen environment, respectively. 
The interconnected pore size distribution of the specimens was determined by 
mercury porosimetry using intrusion curve. Specimens were dried at 150 ˚C for 2 h 
before testing in an AutoPore IV 9500 porosimeter (Micromeritics, Norcross, GA). 
Specific surface area and nano porosity in the gel skeleton were determined by nitrogen 
adsorption (ASAP 2020, Micromeritics, Norcross, GA) BET [11] and BJH methods [12] 
using adsorption and desorption curves, respectively. For these experiments, accurately 
weighed specimens were evacuated and heated at 150 ˚C for at least 5 h to remove 
moisture and potential surface contaminants before analysis.  
Initially, MG63 osteoblast-like cells (ATCC, CRL-1427) were chosen as the model 
to study cell response to our samples. Cells were cultured in 6 cm tissue culture dishes 
and maintained in an incubator at 37 ˚C, 5% CO2, 95% air and saturated humidity. 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
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serum (FBS) and 1% penicillin/streptomycin was used as complete culture medium. Cells 
were subcultured upon confluency.  
Before cell seeding, samples were soaked in 70% ethanol twice, 5 minutes each 
time, followed by soaking in water for 5 min, air dried for at least half hour, sterilized 
under ultraviolet light for 10 min. The samples then were presoaked in a complete culture 
medium for 3 days before cell seeding [13]. Cells, then, were harvested from tissue 
culture dishes and seeded on the samples, at the density of ~120 cells/mm2. The samples 
were submerged completely in the culture medium to ensure nutrient delivery to cells on 
surface. Cellular observations were made 48 hours post seeding.  
For fluorescence and confocal imaging, a LIVE/DEAD® Viability/Cytotoxicity Kit 
(Molecular Probes, Invitrogen, Carlsbad, CA) was used to stain and quantify cell-
viability by following manufacturer’s instructions. Alternatively, cytoskeletal F-actin 
filaments and cell nuclei were stained with Alexa488-Phalloidin (green) and Propidium 
Iodide (red) (Invitrogen, Carlsbad, CA) after fixation of cells on the scaffolds in 4% 
formaldehyde for 15 min at room temperature. The concentration and morphology of 
cells on scaffold specimens were determined by fluorescence (Nikon Eclipse TE200U) 
and confocal microscopy (Zeiss LSM 510).  
For scanning electron microscopy (SEM) examination, porous glass specimens were 
mounted on SEM stubs using colloidal graphite and coated with a thin iridium metal film 
by sputtering. Specimens were imaged with an environmental SEM (Phillips, XL-30) 
using a relatively low accelerating voltage of 5 kV. For imaging of cells grown on glass 
scaffolds, samples were removed from tissue culture plates, rinsed in 0.1 M phosphate 
buffer solution, fixed in 0.1 M phosphate buffer supplemented with 3% glutaraldehyde 
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(w/v), rinsed in 0.1 M phosphate buffer, followed by stepwise dehydration in a graded 
series of ethanol (35%, 60%, 80%, 95%, 95%, and 100%). After drying with 
hexamethyldisilazane (HMDS, Sigma), samples were coated with iridium and examined 
as described above. 
To investigate the nanopore network, samples were examined by transmission 
electron microscopy (TEM). Glass scaffolds were finely ground using a 95% ethyl 
alcohol-cleaned ceramic mortar and pestle. Then, the porous glass powders were 
collected by scraping with a razor blade, mixed with 100% ethyl alcohol (200 proof, 
absolute, Anhydrous), and ground for another 5 minutes. A drop of the glass-
powder/ethyl alcohol suspension was transferred onto a lacey carbon-coated 300 mesh 
copper grid (SPI# 3830C-FA), and after air-drying for 10-15 minutes the grid was loaded 
into the TEM (Philips EM 420T) specimen chamber and examined with an electron 
accelerating voltage of 100 kV.  
  For animal in vivo response, four discs of 1cm diameter and ~5 mm thickness 
were prepared and sterilized by autoclave for surgical implantation in a white New 
Zealand male rabbit. Guidelines for the care and use of laboratory animals were followed 
in all experiments [14]. General anesthesia was administered using Xylazine HCL 2% in 
a dose of 20 mg/kg body weight followed by ketamine HCL in a dose of 100 mg/kg body 
weight intra-peritoneal. Four subcutaneous pouches were created on the dorsal surface of 
the animal, with a distance of approximately 2cm between pouches. The prepared discs 
were implanted in the pouches that were made just to encompass the disc scaffold, and 
shallow enough to maintain the underlying fascia intact. The wounds were then sutured 
using 3.0 silk suture material [15]. 
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At 5 weeks post-surgery, full thickness specimens including the implants were 
excised, immediately placed in 10% formalin fixative, and stepwise dehydrated in graded 
concentrations of ethyl alcohol. Specimens were cleaned in xylene, followed by 
embedding in methyl methacrylate resin (Aldrich) for histological hard section 
preparation. Then they were stained with Stevenel’s blue (connective tissue stained 
bluish-green) and Van Gieson’s stains (hard tissue stained red) (Bio-Optica, Milano, Italy) 
[16]. Sections were examined and photographed by a light microscope (Olympus model 
CH40, Tokyo, Japan). 
 
4.3. Optimization of fabrication process and parameters 
4.3.1 Selection of reagents and materials 
The previous studies have shown that PEO induces spinodal decomposition in a 
sol to fabricate the highly-interconnected coral-like macro-structure [7, 9, 10]. The 
repulsive interaction between the solvent and the PEO molecules adsorbed on silica 
oligomers leads to spinodal phase separation, with one phase rich in PEO and silica and 
the other rich in solvent [7]. The weight loss analyzed by TGA (Fig. 4.1) reveals that 
during the stabilization process, decomposition of PEO starts at ~200°C and completes at 
~300°C. And most of the PEO is decomposed after the stabilization process leaving only 
trace amount (only 1.6%) in the final product as shown in Fig. 4.1. 
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Figure 4.1 TGA of PEO heated at 1°C/min in nitrogen environment. 
 
As discussed in Chapter 3, the two phases would coarsen during the subsequent 
evolution of spinodal decomposition. Since silica density is about 2.2 times of the water 
density, the macrostructure would collapse if the viscosity of sol is too low.  Therefore, a 
rapid change in viscosity through sol-gel transition is critical to freezing and preserving 
intact the phase-separated structure. Among the two commonly used silica precursors of 
the sol-gel process, TMOS has higher hydrolysis rate than TEOS and easier to gel 
because of its shorter the alkyl group [17]. Therefore,  TMOS was chosen in this work.  
To quickly gel and freeze the macrostructure, HF, one of the most effective  
catalysts [18], was chosen to facilitate the gelling process. However, HF can not only 
catalyze the sol system, but also react with Ca(NO3)2 (the reason to choose Ca(NO3)2 
will be discussed later):   
Ca(NO3)2+HF  CaF2 ↓ + HNO3    
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Small areas with CaF particle agglomerations can be observed on the surface of 
BG scaffold (SEM and EDS shown in Figure 4.2).  However, the CaF2 effect on the 
performance of the BG scaffold could be ignored for the following reasons:  
(1) Amount of CaF2 is quite limited (1.9wt% of final produts). Only 2mL 2.5% of 
HF is added in the system and react with Ca(NO3)2 consuming 4.8% of the total added 
Ca.   
(2) Although the fluoride ions could be toxic to humans, CaF2 is considered 
relatively harmless due to its extreme insolubility, providing very few F ions. Therefore, 
the formation of the CaF2 should not be a concern on the bioactivity and biocompatibility 
of the BG scaffold.   
It is worth noting that some other less effective catalyst, e.g. HNO3, could be used 
if the present of F ion should be avoided.   
 
(a)                                                                      (b) 
Figure 4.2 (a) SEM micrograph and (b) EDS spectrum of the region where CaF2 exists on 
the surface of BG scaffold. 
 
In order to introduce Ca in the system to make 70SiO2-30%CaO composition, an 
appropriate form of Ca precursor is needed. In sol-gel process, Ca alkoxide (e.g. Calcium 
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methoxide) or Ca inorganic salt can be chosen to introduce the Ca in the system. For 
multi-component gel systems, the primary concern is composition uniformity [19]. As 
discussed in Chapter 3, the hydrolysis of silicon alkoxide is the slowest among the metal 
alkoxide. Therefore, CaO will precipitate out first when Ca alkoxide is used to mix with 
TMOS. If the size of the precipitate is too big, CaO will be difficult to incorporate in the 
silica network later on, leading to composition inhomogeneity. Several approaches have 
been used to prevent the segregation of individual components by carefully managing 
hydrolysis process of alkoxides to achieve uniformity [19]:  
(1) Use of double alkoxides. 
(2) Partial hydrolysis of the slowest reacting alkoxide. 
(4) Slow addition of small amounts of water.  
(5) Matching the hydrolysis rates of the individual alkoxides. 
In this work, since our system is a complex dynamic system involving multi-scale 
phase separation, we choose to use Ca inorganic salt instead of Ca alkoxide to avoid the 
complexity of these approaches. Among inorganic salts, calcium nitrate is the only option 
because others, like chlorides or sulfates, are more thermally stable and the anions are 
more difficult to be removed during the subsequent heat treatment, whereas Ca(NO3)2 
decomposes upon heating to release  nitrogen dioxide [20]: 
2 Ca(NO3)2 → 2 CaO + 4 NO2 + O2    ΔH = 369 kJ/mol            (4.1) 
Ca(NO3)2 also dissolves readily in the liquid mixture of acetic acid and methanol, which 
is the byproduct from hydrolyisis and condensation reactions of the precursor. Upon 
drying, Ca(NO3)2  precipitates and deposits on the surface of gel particles[21]. Therefore, 
during the whole fabrication process, no liquid should be removed from the system 
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except by the mean of slow evaporation, otherwise the composition of the system would 
change because of the loss of Ca.   
During subsequent heat treatment for stabilization, Ca(NO3)2•4H2O would 
dehydrate and decompose as indicated in the TGA analysis shown in Fig. 4.3. It 
continues to dehydrate until ~200°C, at which point it becomes anhydrous Ca(NO3)2 
with 69.5wt% of Ca(NO3)2•4H2O remaining. Anhydrous Ca(NO3)2 starts decomposing 
at ~450°C, completes at ~570°C and finally becomes CaO, which is 23.5 weight % of the 
original Ca(NO3)2•4H2O salt. 
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Figure 4.3 TGA of Ca(NO3)2•4H2O in nitrogen environment at1°C/min. 
 
The diffusion and incorporation of Ca ions into silica network occur upon further 
heat treatment at a higher temperature. Heating above 570°C is necessary to make a 
homogeneous sol-gel derived calcium silicate glass if using Ca(NO3)2. In this regard, 
recently Lin et al. observed inhomogeneity of sol-gel derived CaO-SiO2 non-
macroporous monolith glass using calcium nitrate as a precursor even though their 
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sample was heated beyond 600°C (Fig. 4.4) [22]. The likely reason is the too slow 
diffusion of calcium in non-macroporous sample even at ~600°C. For monoliths without 
macropores, the intrinsic nanopore volume is not enough to hold all the liquid saturated 
with Ca(NO3)2. Therefore, during the drying process, much of Ca(NO3)2 would 
precipitate and deposit on the outer surface of the monolith instead of its interior. Further 
heat treatment would decompose the Ca(NO3)2  into CaO, but again mainly where it is 
present on the outer surface of the monolith. CaO diffuses and incorporates in the silica 
network only to limited depth, generating a Ca-rich outer layer and Ca-deficient region in 
the center. The Ca-rich region crystallizes at lower temperature and becomes opaque, 
while Ca-deficient center region remains amorphous and translucent.  
 
Figure 4.4 Cross-section of a sol-gel derived non-macroporous 70S30C monolith (from 
Ref [21]). 
 
Fortunately, our nano-macro porous scaffolds do not have such kind of 
inhomogeneity problem. The macropores hold much of the liquid with Ca(NO3)2 inside 
the macropores, so that Ca(NO3)2  precipitates on the gel skeleton surface inside the 
sample. Then during the heat treatment, CaO can fully diffuse and be incorporated within 
the gel skeleton, and a homogeneous product is produced. Note that other reagents like 
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acetic acid and ammonia would completely evaporate during the drying process, and 
therefore not affect the homogeneity of the material.  
 
4.3.2 Optimization of experimental parameters 
Although the final material contains mainly two components, silica and calcia, the 
fabrication process involves complex phase separation in parallel with sol-gel transition. 
It is of importance to study and understand the kinetics involving in these processes, so 
that we can optimize the fabrication conditions logically. 
First, we need to find an optimal timing for gelation. After TMOS is added into the 
acetic acid with PEO, the TMOS starts hydrolysis and condensation reaction. Nakanishi  
et al have proposed that during the reaction process the PEO attaches onto the surface of 
the silica oligomers and the repulsive force between the solvent and the PEO leads to 
spinodal phase separation to obtain silica gel-rich and liquid-rich phases[7]. With passing 
time, the phase separation length scale becomes larger and the interface between phases 
becomes sharper. Since the silica density is about 2.2 times of the water, the macro-
structure will tend to collapse due to gravity. Therefore, sol-gel transition needs to be 
introduced at the point when the scale of phase separation is large enough to provide 
sufficiently large macropores, but not yet too large to cause the collapse of macroporous 
structure. Therefore, the timing for introducing gel catalyst (such as HF) should be 
selected precisely.  
Before adding HF, Ca(NO3)2•4H2O needs to be dissolved into the liquid because 
otherwise it might interfere with TMOS hydrolysis and condensation [18]. After adding 
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HF, the viscosity dramatically increases. At this time, the sol needs to be cast in the mold 
of desired shape and size very quickly before it becomes gel of high viscosity.  
The samples are then aged for several days before drying in a humidifier, in which 
humidity and temperature are controlled carefully. To prevent cracking from rapid drying, 
it is important to slow down the drying process using humidifier. As seen in Fig. 4.5, the 
sample dried in air before heat treatment is cracked in comparison with the one slowly 
dried in humidifier . 
  
Figure 4.5 Samples dried naturally in air (left) vs. in humidifier with controlled humidity 
(right). The former develops major cracking, whereas the latter shows no signs of 
cracking. 
 
The TGA and DTA analyses (Figure 4.6) have been used to track the heat 
treatment process. Below 200°C, physisorbed water is eliminated, which results in weight 
loss and heat absorption. Two exothermal peaks at 250°C and 380°C associated with the 
weight loss represent the decomposition temperature of PEO and Ca(NO3)2, respectively. 
Interestingly, the Ca(NO3)2 decomposition temperature here (380°C) is lower than the 
previous result in Fig. 4.3, which showed the bulk anhydrous Ca(NO3)2 starts 
decomposing at ~450°C. The reason might be that here the Ca(NO3)2 was dissolved and 
reprecipitate into small particles, and hence can decompose at lower temperature. 
Meanwhile, CaO diffuses and gets incorporated into the silica network during subsequent 
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heat treatment. The dehydration through the reduction of surface hydroxyl groups 
continues until 850°C [23], which is confirmed by TGA weight loss. Furthermore, the 
DTA curve also shows the glass transition temperature Tg ~ 800°C, and the onset and the 
peak of the crystallization temperatures Tx and Tp are 850°C and 890°C, respectively, 
which agree well with the results shown in Ref. [24]. 
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Figure 4.6 DTA (shown with blue solid line) and TGA (shown with green dash line) 
curve of a 70S30C sol-gel derived bioactive glass scaffold. 
 
Based on the above understanding of the reaction mechanism and the kinetics of 
various steps of the fabrication process, the protocol for making 70S30C sol-gel porous 
glass scaffold was optimized. The results are summarized in Appendix A. 
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4.4. Nano-macro structure of the BG scaffold 
A typical BG scaffold sample with the mould shape is shown in Fig. 4.7. Various 
shapes of scaffold can be readily achieved by casting the sol into appropriate moulds. As 
we will see in this Section, nanopores, with a diameter ranging from several to tens of 
nanometers (with the peak value at 20-30 nm), coexist with the macropores (tens to one 
hundred microns in diameter) in the BG scaffold such as seen here. 
 
Figure 4.7  A  representative  nano–macro  porous  BG  scaffold  derived from casting 
the sol into a well of a tissue culture plastic plate. 
 
The macrostructure of the BG scaffold shown in SEM micrographs (Figs. 4.8) 
reveals the coral-like gel skeletons (tens to one hundred micron in diameter) leaving 
highly interconnected inter-skeleton space with analogous size. This structure is a 
result of polymer induced spinodal decomposition.  
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Figure 4.8 SEM images of BG scaffold (a) in low magnification and (b) in higher 
magnification. The green star marked the cross section of the skeleton, which shows 
many pores inside. The green arrow marked the particles attached on the surface of the 
skeleton. 
 
In addition, the high magnification SEM image (Fig. 4.8(b)) shows that there are 
some spherical pores (marked by the green star) within the gel skeleton and spherical 
particles (marked by the green arrow) on the gel skeleton inside the BG scaffold. This is 
because the spinodal decomposition is an incomplete phase separation. As discussed in 
Chapter 3, after spinodal decomposition stops, the system reaches a metastable state, and 
further phase separation can take place through nucleation and growth. In this case, the 
remaining liquid in the sol-gel rich phase and the sol-gel in the liquid rich phase would 
nucleate into liquid and sol-gel droplets, respectively. During drying, the liquid 
evaporates out leaving spherical pores within the gel skeleton and spherical particles 
attached on the skeleton surface. Therefore, these spherical pores and particles result 
from the subsequent nucleation-type phase separation.  
The pore size distribution in the BG scaffold was measured by mercury porosimetry 
and nitrogen adsorption, shown in Fig. 4.9 (a) and (b), respectively. It demonstrated that 
macropores (i.e. the inter-gel skeleton space in SEM micrographs shown in Fig. 4.8), 
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with a diameter ranging from tens to one hundred microns, coexist with nanopores 
(several to tens nm in diameter) in the BG scaffold.  
Our mercury porosimeter can measure the pore size distribution from ~5.5nm 
nanometers to 300μm, and the nitrogen adsorption porosimeter is good for 1.7nm to 
100nm. Comparing Fig. 4.9 (a) and (b), we found that the median pore size measured by 
both techniques agreed well with each other (~16nm), whereas the pore volume at the 
peak size of 16nm measured from mercury intrusion porosimeter is twice more than the 
value from nitrogen adsorption. This difference may due to that the high pressure needed 
for mercury penetration into nanopores could crush the brittle porous BG scaffold. In 
addition, there are some nanopore smaller than 5nm, which is beyond the lower limit of 
the mercury intrusion porosimeter. Therefore, the nitrogen adsorption is more suitable for 
measuring the nanopore size lower than 100nm. Due to the principle of the nitrogen 
adsorption, the nanopore volume measured by this method can be viewed as 
interconnected pore volume, which is accessed by the nitrogen, convincingly 
demonstrating that the nanopores are interconnected.  
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(a)                                                             (b) 
Figure 4.9  Interconnected pore size distribution from ( a) mercury intrusion 
porosimetry and (b) nitrogen adsorption analysis. 
77 
 
 
TEM has facilitated direct observation of the nanopore morphology. 
Typical/representative bright field TEM micrographs of our porous glass samples are 
shown in Fig. 4.10. There are some cloudy grains inside the gel matrix with lighter 
channels in between, which are nanopores inherent to the sol-gel fabrication process [23]. 
Lin et al. have suggested the mechanism of the nanostructure evolution during the sol–
gel process in 70S30C glass [21]. Before gelling, TEOS hydrolyzes and poly-
condensates into primary particles, which then aggregate into bigger particles, the so-
called secondary particles during the gelling and drying process. These secondary 
particles then fuse into tertiary particles during the heat treatment. The nanopores in the 
BG scaffold are the interstitial spaces between these tertiary particles, which appear as 
cloudy grains in our TEM images (Fig. 4.10). 
 
 
Figure 4.10  Bright field TEM micrographs of 70S30C BG scaffold. 
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4.5. In-vitro study of the BG scaffold 
The formation of hydroxyl apatite (HA, Ca10(PO4)6(OH)2), the major inorganic 
component in bone tissue, has been considered to be an important indicator of 
bioactivity. After soaking the scaffold in a culture medium for two days, HA crystal with 
flake-like morphology [25] was formed and could be clearly observed on the surface of 
the BG scaffold (Fig. 4.11). It indicates that our material is bioactive and might be 
suitable to support bone cell and tissue growth.  
 
Figure 4.11 HA crystal with flake-like morphology formed on the surface of BG scaffold. 
 
For a more direct evidence of bioactivity of our BG scaffolds, we investigated cells’ 
in vitro response. MG63 osteoblast-like cells growing on the BG scaffolds are shown in 
Fig. 4.12. Live cells (stained in green) are distinguished from dead cells (stained in 
red) as a result of Live/Dead, Viability/ Cytotoxicity staining. To examine whether 
cells would penetrate into the interior of 3D scaffold, or only colonize/ survive on its 
surface, scaffolds are examined by z-serial confocal microscopy. Images are acquired 
at different depths ranging from 0 to 500 μm from the surface using a magnification 
oil-immersion lens (NA 1.2, Zeiss, PlanFluor). Representative sections (Fig. 4.12) shows 
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that the live cells stained in green are present throughout the entire depth, indicating that 
the cells exhibit a high viability throughout the entire depth of the scaffolds examined. 
To investigate cell morphology in more detail, fixed samples were stained with 
Alexa488-Phalloidin (green) for observing cytoskeletal F-actin filaments (which can 
represent the cell morphology), and with Propidium Iodide (red) for examining cell 
nuclei, and examined at higher primary magnification (63× oil immersion lens, NA1.4, 
Zeiss PlanAppochromat). Representative images and 3D-volume reconstructions ( Fig. 
4.13) show that the well-spread cells retain a flattened morphology (stained in green), 
which indicates that the MG63 cells well attached to the highly contoured 3D- scaffold 
surface. 
 
Figure 4.12 Confocal microscope images of MG63 cells growing on and inside a BG 
scaffold acquired at different depth of (a) 0 μm, (b) 100 μm, (c) 200 μm, (d) 300 μm, (e) 
400 μm, and ( f) 500 μm.  Cells were stained with  Live/Dead  Viability/Cytotoxicity  
staining.  Living  cells  stain green and dead cells stain red. 
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Figure 4.13 Confocal microscope images of MG63 cells on the skeleton inside the BG 
scaffold. Cells were fixed with formaldehyde; F-actin was stained  with  Phalloidin  
Alexa  488  (green),  and  cell  nuclei  were stained with Propidium Iodide (red). b1 is 
the image of a represen- tative z-section in xy; b2 (xz) and b3 (yz) represent cross 
section images on z-planes where green and red lines locate respectively. 
 
To  further  confirm that  cells  actively  penetrated  the glass  scaffold  and  
colonized  it  deeply  inside,  and  not just  adhered  to  its  surface,  BG  scaffolds  
colonized by cells  for  2 days  were cross-sectioned, fixed, dehydrated and  
investigated  by  SEM.  A representative image taken on the cross-section at 1 mm under 
the top surface of cells seeding demonstrated that the well-spread cells (pointed by green 
arrows) exhibit a flattened morphology (Fig. 4.14). It indicates that the cells can migrate 
deep inside the 3D scaffold and adhered well to the skeleton surface, confirming the 
observations from the confocal light microscopy shown in Fig. 4.13. It provides an 
important evident that osteoblast-like cells can penetrate deep into the interconnected 
pore meshwork of nano-macro porous BG scaffolds. 
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Figure 4.14 SEM image of BG scaffold cross-section cut from 1 mm under the top surface of 
cell seeding. The green arrows indicate the MG63 cells, and the specimen was prepared acquired 
2 days post seeding. 
 
4.6.  In vivo tissue response  
The above conclusions drawn from the response of cells to our nano–macro 
porous glass scaffold are further confirmed by in vivo response of animal tissue, which 
was evaluated by implanting the BG scaffolds into New Zealand rabbits and examining 
the bioscaffold at 1, 2 and 5 weeks post-surgery.  
 
Figure 4.15 The operated rabbit skin area one week post-operation. 
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After one week post-operation, the operated rabbit skin area appeared normal with 
grown hair under macroscopic observation as shown in Fig. 4.15. Upon histological 
examination of the specimens two-weeks post-surgery, a thin fibrous capsule surrounding 
the implanted scaffold could be observed as a regular tissue reaction to the inserted 
biomaterial (Fig. 4.16). The capsule was integrated with the surrounding tissue without 
visible inflammatory reaction. Further, the cells (stained in blue and showing as blue dots 
in Fig. 4.16) present in the highly interconnected macropores, which are the space 
between glass skeleton (the gray areas pointed by white arrow) and appear deep inside 
(pointed by green arrow) from the fibrous capsule/scaffold interface. The observation 
indicates the cells have grew and extended from the boundaries of the capsule into the 
scaffold. However, no blood vessels or connected tissue invasion was observed at that 
time. 
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Figure 4.16 Microphotograph showing the histological result of nano-macro porous 
bioactive glass disc subcutaneously implanted into a rabbit 2 weeks post-operation. Cells 
are stained in blue, exhibit as blue dots. The green arrow indicates the cells distribute 
inside the scaffold (area with blue dots), and the white arrow marks the glass skeleton 
(gray area without blue dots) of the BG scaffold. The specimen thickness is ~150μm, and 
the glass skeleton under the macropores can be observed. That is the reason why 
everywhere of the BG scaffold region looks gray but has different contrast. 
 
Five weeks post-surgery, the capsule is fully integrated with the surrounding 
tissues showing heavily distributed new blood vessels (blue rings pointed by yellow 
arrows) (Fig. 4.17(a)). Moreover, the histological micrographs also demonstrate collagen 
fiber strands (pointed by yellow stars) grow and invade the core of the scaffold (Fig. 
4.17(b)). This histological evaluation shows a high degree of biocompatibility of the BG 
scaffolds. Positive response to the implanted scaffold is obvious from the fast invasion of 
cells after implantation, the remarkable angiogenesis in and around the fibrous tissue 
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capsule as well as collagen fiber extending toward the core of the scaffold. These 
findings are supported by previous reports that the presence of bioactive glass powder in 
vivo enhances new vascularization[26-28]. This feature is a crucial step to initiate 
adequate wound healing and tissue regeneration. Furthermore, the widely distributed 
collagen fiber strands through the whole thickness of the scaffold associated with the 
high cellular components (shown  in  Fig. 4.17(b))  are  evidence  of  regenerative tissue 
response to the chemical and physical structure of the BG scaffold. 
 
Figure 4.17 Microphotographs showing the histological results of nano– macro porous 
bioactive glass discs subcutaneously implanted into a rabbit 5 weeks postoperatively. (a) 
A thin fibrous capsule can be detected surrounding the implanted material (greenish 
band in the area of the arrow). New vascularization formed within the fibrous tissue band 
of the capsule (arrow). Connective tissue strands are also invading toward its core 
(asterisk). ( b) The invading collagen fiber strands (asterisk) are distributed throughout 
the scaffold material showing high cellularity as well as new blood vessel formation 
(arrow) (Images taken by A. Rashad) 
 
 
4.7. Conclusion: 
Nano-macro bimodal sol-gel-derived glass scaffolds have been synthesized by a 
optimized sol-gel-cum-spinodal decomposition process. Interconnected nanopores, with 
a diameter ranging from several to tens of nanometers, coexist with interconnected 
macropores (tens to one hundred microns in diameter) in the BG scaffolds. Within 2 
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days post-seeding, MG63 osteoblast-like cells migrate and penetrate >500 micrometer 
deep into the bioscaffold. They also exhibit excellent adhesion to the bioscaffold 
surface. 
In vivo animal experiments provide initial evidences of the formation of new 
tissue with both blood vessels and collagen fibers deep inside the implanted scaffolds 
with no obvious inflammatory reaction. Such high viability of cells and new tissue 
formation indicate the potential use of nano-macro dual-porous bioactive glass as a 
novel and superior 3D scaffold for regenerative medicine as well as hard tissue 
engineering. 
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Chapter 5: Tailoring nanopores in nano-macro dual-
porous bioactive glass scaffolds 
5.1. Introduction 
For tissue regeneration, the nano-macro porous BG scaffold [1-3] will be 
implanted in human body directly or after culturing with cells before implantation. 
However, the role of nanopores in BG scaffold on surrounding tissue and cells has not 
been explored fully. To systematically evaluate of the effect of nanoporosity, first one 
needs to tailor nanopores. Several methods have been proposed to tailor the nanostructure 
of nano-macro dual porous BG scaffold: by changing the gelation time [4], by 
introducing a condensation inhibitor in the sol-gel process [5], and by sintering the 
nanoporous BG material at different temperatures [6].  However, in these methods, the 
change of nanopore size is always associated with a concurrent variation of surface area. 
It has been shown that proteins can covalently bond to the BG surface [7], and thus 
mediate cell attachment, migration, and growth [8]. On the other hand, the optimal 
concentration of ionic products, especially Si and Ca ions released from a biomaterial’s 
surface, is critical for bone regeneration [9]. This surface area regulated protein 
absorption and ion release process can greatly affect the performance of a biomaterial. 
Therefore, the evaluation of material with different nanopore size tailored by the methods 
mentioned above has included the combined influence of (a) surface area related changes 
in the chemistry of surrounding liquid medium, and (b) the purely topographical effects 
of nanopores. To decouple the effects of surface area and nanopore topography, it is of 
importance to find a way to fabricate bioscaffolds with the same surface area but different 
pore sizes and vice versa. Obviously, two such samples will have different overall pore 
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volume fractions, but that is expected to be of minor importance from the viewpoint of 
cell response. 
The solvent exchange process has been used to change the nanostructure of sol-
gel derived materials [10]. In this method, the wet gel sample is immersed during the 
aging process in ammonia to exchange it with the solvent already present in the gel 
network. This process coarsens the gel network and results in larger nanopores. On the 
other hand, the nanopores can be shrunk, even removed, by sintering at high temperature. 
In this study, we have applied both techniques to tailor the nanoporosity while 
maintaining the same specific surface area per gram. The influence of ammonia 
concentration or sintering temperature on surface area, pore size and volume has been 
systematically investigated. Importantly, we have demonstrated that BG scaffolds with 
different pore sizes but same surface area can be fabricated.  
 
5.2. Materials and methods 
The BG scaffold of 70% SiO2–30% CaO composition is fabricated by combining 
the sol-gel process with spinodal decomposition following the protocol described in 
Appendix A. The fabrication process is almost the same as that discussed in Chapter 4 
except for the details of the sintering and solvent exchange processes.  
Briefly, 9mL TMOS and 6.18g Ca(NO3)2.4H2O were added into a solution, 
which was made by dissolving 1.4g PEO (molecular weight of 100,000) into 20mL 
0.05N acetic acid solution. After vigorous stirring, 2.5 vol% HF was added followed by 
further stirring for ~20s. Then the sol was immediately cast into wells of tissue culture 
plates. Samples were aged at 40 °C for one day, and then soaked in distilled water or 
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ammonia solution for 3 days for solvent exchange before they were dried and stabilized 
at 700°C. We manipulated the concentration of ammonia solution (0.01N, 0.1N, 1N, 3N) 
to tune the nanopore size. For comparison, another batch of samples was aged for four 
days without solvent exchange.  
On the other hand, we varied the sintering temperature to partially close the 
nanopores and tailor the surface area of the BG scaffolds. To exclude the effect of solvent 
exchange, we skipped the solvent exchange step and the aged samples were directly dried 
and stabilized at 600°C and then furnace cooled. These BG scaffolds were then reheated 
to a specific sintering temperature at heating rate of 10°C/min, held for 2 hours before 
cooled down to room temperature. In our work, the sintering temperature was selected as 
700°C, 750°C, 800°C, 840°C, or 1000°C to study its influence on the nanopores. 
To investigate the nanopore network, samples were examined by transmission 
electron microscopy (TEM). Glass scaffolds were finely ground using a 95% ethyl 
alcohol-cleaned ceramic mortar and pestle. Then, the porous glass powder was collected 
by scraping with a razor blade, mixed with 100% ethyl alcohol (200 proof, absolute, 
anhydrous), and ground for another 5 minutes. A drop of the glass-powder/ethyl alcohol 
suspension was transferred onto a lacey carbon-coated 300 mesh copper grid (SPI# 
3830C-FA, West Chester, PA), and after air-drying for 10-15 minutes was loaded into the 
TEM (JOEL 2000, Peabody, MA) specimen chamber and examined with an electron 
accelerating voltage of 200 kV.  
Specific surface area and nano porosity in the gel skeleton were determined by 
nitrogen adsorption (ASAP 2020, Micromeritics, Norcross, GA) BET [11] and BJH 
methods [12] using adsorption and desorption curves, respectively. For these experiments, 
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accurately weighed specimens were evacuated and heated at 150 ˚C for at least 5 h to 
remove moisture and potential surface contaminants before analysis.  
 
5.3. Tailoring nanopores by sintering 
As described in the previous section, two different methods were used to tailor the 
nanopores in BG scaffold: sintering and solvent exchange method.  
The effect of sintering temperature on the pore size distribution, median nanopore 
size, the surface area and the nanopore volume (from 1.7nm to 300nm) of the BG 
scaffold is shown in Fig. 5.1 (measured by nitrogen adsorption porosimetry). Both 
surface area and nanopore volume dramatically decrease while the median pore size 
slightly decreases as the sintering temperature increases. These phenomena indicate that 
most of nanopores could be eliminated by the sintering at the appropriate temperature. 
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(b) 
Figure 5.1. (a) Pore size distribution and (b) surface area (dark square), nanopore volume 
(blue diamond) and median nanopore size (green triangle) of the BG scaffold sintered at 
different temperatures. 
 
Upon sintering, materials reduce the excess energy associated with surfaces by 
undergoing two different pathways: coarsening and/or densification depending on the 
atomic mechanisms [13]. These two mechanisms are usually in competition. If the atomic 
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process leads to densification primarily, the pore volume would decrease dramatically 
(shown in Fig. 5.2(a)). But if coarsening dominates, the pore size would significantly 
enlarge while pore volume remains relatively the same (shown in Fig. 5.2(b)). The results 
in Fig. 5.1, suggest that the sintering process in our BG scaffold is dominated by the 
densification mechanism. 
                           
                               (a)                                                                  (b) 
Figure 5.2. A schematic drawing showing two possible paths that can lower the surface 
energy: (a) densification and (b) coarsening. 
 
Furthermore, the magnitude of the surface area change is larger than the nanopore 
volume change when increasing the sintering temperature. For instance, in comparison to 
the BG scaffolds sintering at 700°C, the ones sintering at 1000°C had only 1/32 of 
surface area, but still 1/11 of nanopore volume. This is presumably because that the 
densification driving force is greater for smaller pores, hence they would be eliminated 
preferentially. For the same amount of pore volume, small pores can provide more 
surface area than large ones. Therefore, the sintering process changes the surface area 
more than pore volume.  
 
5.4. Tailoring nanopores by solvent exchange 
Besides sintering, solvent exchange was exploited to manipulate the nanopores. 
The pore size distribution, median nanopore size, the surface area and the nanopore 
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volume (from 1.7nm to 300nm) of the BG scaffolds were measured by nitrogen 
adsorption porosimetry. The results for the samples without solvent exchange, and with 
solvent exchange in water or ammonia under different concentrations, 0.01N, 0.1N, 1N 
and 3N to exchange acetic acid in the gel network are shown in Fig. 5.3. It was found that 
the solvent exchange process enlarges the pore size, decreases the surface area and 
slightly increases the pore volume. As the concentration of the ammonia increases, the 
effect intensifies. This predicted tendency is in agreement with the result of sol-gel 
derived pure silica [14, 15]. 
 
 
 
 
 
 
 
 
96 
 
10 100
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
dV
/d
Lo
g(
D)
 P
or
e 
Vo
lu
m
e 
(c
m
3 /g
)
   no SE
   Water
   0.01N 
     0.1N 
        1N 
        3N 
Pore size Diameter (nm)
  
(a) 
no water 0.01N 0.1N 1N 3N
0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300
Po
re
 V
ol
um
e 
(m
L/
g)
Su
rfa
ce
 a
re
a 
(m
2 /g
)
 
Po
re
 S
ize
 (n
m
)
Ammonia concentration
0.0
0.1
0.2
0.3
0.4
0.5
0.6
 
0
2
4
6
8
10
12
14
16
0
 
  
Figure 5.3 (a) Pore size distribution (b) surface area (shown with dark square), nanopore 
volume (shown with blue diamond) and median nanopore size (shown with green triangle) 
of the BG scaffold without solvent exchange process, immerse in water or ammonia at 
different concentrations (0.01N, 0.1N, 1N and 3N) for solvent exchange. 
 
 TEM images of the samples without solvent exchange, and of those immersed in 
0.01N and 3N ammonia for solvent exchange are shown in Fig. 5.4. For the one without 
solvent exchange (Fig. 5.4(a)), the mass contrast can be barely resolved, which means the 
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sample is homogeneous at the level of TEM resolution limit for certain sample thickness 
(~100nm). When the samples are soaked in ammonia, some dark cloudy domains develop 
inside the gel matrix with lighter channels in between (Fig. 5.4(b) and (c)). It is clear that 
the size of grains and channels become larger as the ammonia concentration increases.   
   
                       (a)                                                       (b)                                           (c) 
 
Figure 5.4 TEM micrographs of sample without solvent exchange (a), and with solvent 
exchange in 0.01N (b) and 3N ammonia (c). 
  
Based on the TEM and the nitrogen adsorption results, the mechanism of the 
solvent exchange can be explained by the dissolution of the silica in wet gel before 
stabilization process. The dissolution rate of silica in the basic solution is significantly 
higher than that in acid solution [16, 17]. In the basic solution, the highly soluble smaller 
clusters dissolve and re-precipitate on the larger clusters. This process is referred as 
Ostwald ripening. As a result, the gel network becomes coarser, leading to larger clusters 
(appearing as dark cloudy domains in TEM micrographs, see Figs. 5.4(b) and 5.4(c)) and 
inter-cluster spaces in-between (viz. the lighter channels between dark cloudy domains). 
The inter-cluster spaces are nanopores detected by the nitrogen adsorption technique. A 
schematic of nanostructure evolution during the solvent exchange process is shown in Fig. 
5.5.  
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Figure 5.5 Schematic showing the nanostructure evolution in gel network during the 
solvent exchange process: gel network before (a) and after (b) solvent exchange process. 
 
 As a result of coarsening, the surface area should decrease as shown in Fig. 5.3(b). 
In principle, the pore volume should remain the same, but the data in Fig. 5.3.(c) show a 
slight increase. We think the reason for this difference between the prediction and 
observation is that the pore volume contributed by the very fine pores (<1.7nm and below 
the detecting limit of nitrogen adsorption, ASAP 2020) should become measurable after 
coarsening. Therefore, the nanopore volume increases slightly after the solvent exchange 
process, as shown in Fig. 5.3(c). Finally, since Ostwald ripening is pH related, higher 
concentration of ammonia, corresponding to higher pH, would lead to more coarsening in 
the gel network.  
Based on above understanding of the solvent exchange process, there could be 
some concern about the homogeneity of the sample that has undergone coarsening due to 
the limited accessibility of ammonia inside the nanostructure. To assess this effect, two 
specimens cut from the center and the surface of the same sample are examined under 
TEM (Fig. 5.6). We found that there is no detectable structural difference between them. 
It indicates that the ammonia solution is able to penetrate through the macropores (at 
micron level, shown in Fig. 4.8 in Chapter 4) into the glass scaffold and to enlarge the 
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nanopores deep in the interior. Therefore, the nanopore network is homogeneous 
throughout the sample. Importantly, it is worthwhile to note that the whole system is 
close during the fabrication process except the water removal by evaporation, and hence 
the final product composition remains the same as our target, 70S30C. 
         
(a)                                                (b) 
Figure 5.6 Bright field TEM micrographs of specimens (a) near the surface and (b) at the 
center of the same sample. 
 
 In addition, to evaluate the interconnectivity of nanopore, nitrogen adsorption was 
used to measure the surface area and nanopore size distribution of the same sample at 
three different stages: whole intact piece, 16 pieces by cutting and powder by further 
hand crushing. There is no significant difference in nanopore distribution and surface 
area between these three stages (shown in Fig. 5.7), which suggests breaking into powder 
doesn’t expose significantly more surface area than intact one. Therefore, the nanopore is 
highly interconnective.  
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Figure 5.7 Pore size distribution of the BG scaffold at three different stages: whole intact 
piece (show in red), 16 pieces by cutting (shown in green) and powder by further hand 
crushing (shown in blue). 
 
5.5. Conclusions 
 We have demonstrated that the nanostructure of the BG scaffolds can be tailored 
by manipulating the sintering temperature and/or the ammonia concentration used during 
the solvent exchange process. Although both techniques lower the surface area of BG 
scaffolds, the temperature-dependent sintering process closes nanopores through 
densification, while the concentration-dependent solvent exchange process enlarges 
nanopores through coarsening the gel network. Therefore, BG scaffolds with different 
pore sizes but almost same surface area can be generated by using the two methods. That 
paves the way to further evaluate the role of nanoporosity on the performance of nano-
macro dual-porous BG scaffolds. 
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Chapter 6: In vitro and in vivo evaluation of the role of 
nanoporosity on the performance of nano-macro dual-
porous bioactive glass scaffolds 
6.1. Introduction 
It has been shown that nanostructure can influence cell functions, such as cell 
attachment, proliferation and differentiation, on various biomaterials [1-4]. As a 
promising candidate for tissue engineering, the nano-macro porous BG scaffold will be 
implanted in human body directly or after culturing with cells before implantation [5-7]. 
Therefore, it is important to evaluate the effect of nanopores on the in vitro cell and in 
vivo animal tissue response to bioactive (BG) glass scaffold. 
 To determine the optimal nanopores, it is necessary to develop techniques to 
systematically tailor the nanopores. In the previous chapter, we have demonstrated that 
nanostructure in the BG scaffolds can be manipulated by changing the sintering 
temperature and/or the ammonia concentration during the solvent exchange process. 
Further, BG scaffolds with different pore sizes but almost same surface area can be 
generated by using the two methods, and thus we can decouple the influence of nanopore 
topography from the surface area effect. In this chapter, the in vitro cell and in-vivo tissue 
responses to the BG scaffolds with different nanopore sizes and surface areas have been 
evaluated.  
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6.2. Materials and methods 
The BG scaffold of 70% SiO2–30% CaO composition is fabricated by combining 
the sol-gel process with spinodal decomposition following the method presented in 
Chapter 5. 
For in vitro study, MC3T3-E1 subclone 4 new born mouse calvarial bone pre-
osteoblast cells (ATCC, CRL-2593) were chosen as the model to study cell response to 
our BG scaffold (except for one exploratory experiment that was performed with MG-63 
cells, see Section 6.3). The cells were maintained under standard conditions 
recommended by American Type Culture Collection (ATCC) [8]. The autoclave-
sterilized samples seeded with cell suspension were moved into an incubator at 37°C, 5% 
CO2, 95% air and saturated humidity.  The samples were flushed with Phosphate-
Buffered Saline (PBS) to remove the weakly attached cells at 12 h and 48 h post-seeding. 
Remaining cells on the samples were fixed with 2% formaldehyde, washed with PBS, 
permeabilized with 0.2% Triton X-100, and then washed with PBS again. Next, the cells 
were stained with 1:200 dilution of Alexa Fluor 488 labeled Phalloidin and 1:1000 
dilution of DAPI solution for visualization of cytoskeletal F-actin and cell nuclei, 
respectively. Finally, the samples were examined under the fluorescence microscope 
(Nikon Eclipse TE200U). To obtain large focus depth, low magnification (4x) lens was 
used. 
   For in vivo response of our scaffolds, we fabricated the nano-macro porous 
samples at Lehigh University and then performed the animal experiments in the 
laboratory of our collaborator, Prof. Mona M. Marei, at Alexandria University, Egypt. 
The specimens were sterilized by autoclave for surgical implantation in white New 
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Zealand male rabbits. Guidelines for the care and use of laboratory animals were 
followed in all experiments [9]. General anesthesia was administered using Xylazine 
HCL 2% in a dose of 20 mg/kg body weight followed by ketamine HCL in a dose of 100 
mg/kg body weight intra-peritoneal. Four subcutaneous pouches were created on the 
dorsal surface of the animal, with a distance of approximately 2cm between pouches 
(shown in Fig. 6.1). The prepared discs were implanted in the pouches that were made 
just to encompass the disc scaffold, and shallow enough to maintain the underlying fascia 
intact. The wounds were then sutured using 3.0 silk suture material [10]. 
 
Figure 6.1 Subcutaneous implantation of sample in rabbit 
 
At one and two weeks post-surgery, full thickness specimens including the 
implants were excised, immediately placed in 10% formalin fixative, and stepwise 
dehydrated in graded concentrations of ethyl alcohol. Specimens were cleaned in xylene, 
followed by embedding in methyl methacrylate resin (Aldrich) for histological hard 
section preparation. Then they were stained with Stevenel’s blue (connective tissue 
stained bluish-green) for 8 min at 60°C, washed in distilled water, and then stained again 
with Van Gieson’s (hard tissue stained red) (Bio-Optica, Milano, Italy) for 6min at 60°C. 
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[11]. Sections were examined and photographed by a light microscope (Olympus model 
CH40, Tokyo, Japan). 
 
6.3. Results and discussion 
In the absence of any definitive evidence about the influence of nanopores on cell 
response, we performed an in vitro exploratory experiment. This test was performed on 
sol-gel derived bulk BG samples without macropores, but with different nanoporosity. 
These samples (provided by Dr. Ana Marques) were prepared with and without solvent 
the exchange process (details are now published in [12]). In this trial run, MG 631 cells 
were chosen and seeded on the surface of the BG samples. After 40h of exposure to the 
BG surface, the cells were fixed and dehydrated for morphology observation under 
scanning electron microscope. The MG-63 cells exhibit a well spread, flattened 
morphology and well formed cell-to-cell contacts on the sample in which nanopores were 
enlarged (~9nm) by the solvent exchange process (shown in Fig. 6.2(a)). By comparison, 
the cells appear to attach loosely on the BG (shown in Fig. 6.2(b)) with smaller 
nanopores (smaller than 5.5nm – detection limit of Hg porosimetry). These observation 
gave the first direct evidence that the cell function can be influenced significantly by the 
size of nanopores in BG.  
                                                          
1 MG-63 (ATCC, CRL-1427) is a human osteosarcoma cell line, which is considered as 
osteoblast-like cell.  
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(a)                                                                          (b) 
Figure 6.2 SEM micrographs of MG63 cells on sol-gel derived bulk BG (a)with enlarged 
nanopores by solvent exchange process and (b) with smaller nanopores (no solvent 
exchange process), (scale bar = 50µm). 
 
Although nanoporosity in bulk BG may influence cell functions, it would be more 
convincing and practically useful to evaluate the role of nanoporosity on the performance 
of the BG scaffolds (with macropores) instead of bulk BG, especially under in vivo 
condition. For this purpose, two types of BG scaffolds with much different nanoporosity 
were prepared and implanted in a New Zealand rabbit and the in vivo tissue response was 
observed. Sample A is a typical nano-macro dual porous BG scaffold sintered at 700°C 
(as discussed in Chapter 4), while sample B is sintered at 840°C, which eliminated most 
of its nanoporosity. The nanopore size distribution of the two samples, as shown in Fig. 
6.3, confirms this expected difference.  
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Figure 6.3 Nanopore size distribution as determined from BET measurements of nitrogen 
absorption.  Sample A (solid diamond) was sintered 700°C and sample B (open circle) 
was sinterd at 840°C. 
 
In vivo animal tissue response to these two types of BG scaffolds has been 
examined upon one week and two weeks post-surgery (see Fig. 6.4). After one week 
post-operation, the cells have invaded inside the macropores of sample A that is BG 
scaffold with nano-macro dual pores (Fig. 6.4(a)). By comparison, there is no sign of cell 
penetration in sample B which is the BG scaffold with much smaller nanoporosity (Fig. 
6.4(b)).  Two week post-surgery, cells start penetrating inside the macropores of Sample 
B (Fig. 6.4(d)). However, the depth of cells penetration (~ 400μm) and the degree of cell 
filling inside the macropores remains much less than into sample A (Fig. 6.4(c)); in the 
latter case cells have fully penetrated (~800μm deep) and integrated with the BG scaffold. 
These observations have clearly shown the beneficial effects of incorporation of 
nanopores in the BG scaffold. 
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(a)                                                      (b) 
 
    (c)                                                     (d) 
Figure 6.4 Microphotographs showing the histological results of (a) Sample A one week 
postoperatively; (b) Sample B one week postoperatively; (c) Sample A two weeks 
postoperatively; (d) Sample B two weeks postoperatively. The yellow lines show the 
tissue and BG scaffold interfaces. The green lines show the depth of cells migration. 
 
The beneficial effects of incorporation of nanopores are further confirmed by 
comparing tissue integration with nanoporous BG (sample C, no macropores) and bulk 
BG (no nano or macro pores, sample D) glass samples. Two weeks post-surgery, tissue 
has fully integrated with the nanoprous BG (sample C in Fig. 6.5(a)). However, for the 
case of non-porous bulk BG (sample D, Fig. 6.5(b)), there remain some interstitial spaces 
(shown by the red arrows) between the material and surrounding tissue because of the 
poor integration.  
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Figure 6.5. Microphotographs showing the histological results of (a) nanoporous BG 
(sample C) and (b) nonporous BG (sample D) two weeks post-operation. Red arrows 
show the interstitial space between the sample and tissue.  
 
 It is well-known that the cell attachment, migration and growth can be mediated 
by proteins absorbed from serum on the surface of biomaterials [2]. Furthermore, for 
bioactive glass, the appropriate concentration of soluble silica and calcia ions released 
from the surface can stimulate the formation and growth of bone nodules [13]. 
Apparently, the incorporation of nanopores can enhance the surface area, thus offer more 
sites for protein adsorption, and may also provide optimal ion concentration locally for 
cell growth. 
Although the benefit of nanopores in BG scaffold has been demonstrated by the 
observations of Figs. 6.4 and 6.5, it is still not clear if the advantage is purely related to 
the increase of surface area that occurs concurrently with the modification of nanopores, 
or also related to the topography of nanopores. To exclude the surface area effect, it is 
important to fabricate the samples with the same surface area but different pore sizes.  
From our initial experiments discussed in Sections 5.3 and 5.4, we note that both the 
solvent exchange and sintering processes result in lower surface area. However, solvent 
exchange dramatically enlarges the nanopore size, whereas sintering makes the pore size 
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slightly smaller. Therefore, these two techniques could be used to fabricate materials with 
the same surface area but different nanopore sizes.  
Two samples were prepared to demonstrate the idea. Sample E was soaked in 3N 
ammonia for solvent exchange and sintered at 700°C. Sample F was sintered at a higher 
temperature of 750°C and not subjected to any solvent exchange. The surface area and 
pore size measured by nitrogen adsorption are shown in Fig. 6.6. It is clear that the two 
scaffolds have almost the same surface area (within ±1.3%) but much different pore sizes, 
17.7 nm for samples E and 3.7 nm for samples F.  
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Figure 6.6 Pore size distribution of sample E and sample F. 
 
To examine exclusively the influence of nanopore topology, specifically the pore 
size on cell behavior, in vitro cell response to these two types of BG scaffolds (samples E 
and F) was evaluated 12h and 48h post-seeding. The corresponding cell morphologies on 
BG scaffold and the cell density are shown in Figs. 6.7 and 6.8, respectively. Within 12h, 
cells attach only on the sample surface, and generally have not begun proliferating. Upon 
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24h post-seeding, the cells start proliferating. As shown in Fig. 6.7, cells show well-
spread morphology in all specimens, indicating that the poor attached cells have been 
washed away before staining and only cells with good attachment remain. Our result 
shows that the cell density in sample F is significantly higher than in sample E 12h post-
seeding, indicating that smaller nanopore size can promote the cell adhesion on the 
scaffold.  
However, the difference of cell densities on the two samples became smaller 48 
hours post-seeding, although there is still slightly higher concentration of cells on sample 
F than on sample E. It suggests that cells proliferate only slightly higher when decreasing 
the pore size.  
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                                  (a)                                                                    (b) 
            
                                (c)                                                                        (d) 
 
Figure 6.7 Representative micrographs of (a) Sample E at 12h, (b) Sample F at 12h (c) 
Sample E at 48h (d) Sample F at 48hCells were fixed with formaldehyde; F-actin was 
stained  with  Phalloidin  Alexa  488  (green),  and  cell  nuclei  were stained with DAPI. 
The images were taken using 20x lens. 
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Figure 6.8 Cell density on sample E and sample F 12 hours and 48 hours post-seeding. 
The error bars represent the standard deviation of cell density on three samples.  
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It is well known that the surface topography can have significant impact on the 
cell behavior [14, 15]. For example, the rougher Ti surfaces promote bone formation 
while smoother surfaces tend to stimulate a fibrous interface [16, 17]. In contrast, for 
bioactive glass, cells attach and proliferate better on smoother surface [18, 19]. However, 
the topology scales in these studies are at the micron level and comparable to the size of 
cells. They are orders of magnitude larger than the nanopore scale (several to tens 
nanometers) in our study.  
Currently, the impact of nanostructure on cell functions has been studied on 
various material systems [1, 2, 12, 20-22]. In their studies, cell function has been 
enhanced by introducing nanostructures, such as nano carbon/polymer fibers or 
nanopores. These results agree well with our in-vivo observation (shown in Fig. 6.4). 
However, the mechanism of the nanostructure influence is still uncertain and debatable. 
For example, Woo et al suggested that incorporation of nanostructures would lead to high 
surface area, protein adsorption and, therefore, good cell attachment [2], whereas some 
researchers believe nanopore topography directly influences cell functions, through 
enhanced protein adsorption [23], changing conformation of certain protein [24], or 
changing surface energy [22, 25]. Since in these studies, change of nanostructure size is 
always associated with a concurrent variation of surface area, it is not clear that the effect 
is purely related to the increase of surface area, or also influenced by the topography of 
nanostructure. A recent in vitro study on the biomaterial (poly-methyl-meth-acrylate 
(PMMA)) surface has shown that a certain nanoscale arrangement disorder can stimulate 
mesenchymal stem cells (MSC) to produce bone mineral in vitro [3], when all other 
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parameters were fixed (i.e. size and number of nano-pits), demonstrating the 
nanotopography may be able to play an important role. 
In our study, to learn the effect of nanotopograhy like pore size distribution on the 
performance of our dual porous BG scaffold, we decoupled the influence of nano-
topograghy and surface area, and clearly demonstrated that the nano-topography affects 
cell early adhesion, and potentially modulate other cell behaviors, such as morphology 
and gene expression. Naturally, many more samples with a range of nanopore size would 
need to be examined to establish the optimum pore size for cell adhesion. Although the 
underlying mechanism of the cell attachment difference has not been fully explored in 
this study, previous study conducted on alumina has suggested that unfolding of 
vitronectin by introducing nanophase could expose more cell-adhesive epitopes 
recognized by specific cell-membrane receptors leading to enhanced cell attachment. 
Therefore, the conformation change of certain adsorption protein due to the different 
nano-topology in our study may be the reason of the cell attachment difference. 
Furthermore, one likely reason for the decreasing impact of nanopore size at later times 
(48h) is that the surface becomes coated with cells-secreted proteins, which undermine 
the influence of underlying nanoscale topology. 
 
6.4. Conclusions  
The in vitro cell and in vivo animal tissue responses to the BG scaffolds with 
different nanopore size and surface area have been evaluated to characterize the role of 
nanoporosity. The in vivo tissue response clearly showed that nanopores could promote 
cell penetration into BG scaffold, indicating the benefit of incorporation of nanopores. On 
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the hand, the in vitro cell test on the BG scaffolds with the same surface area but different 
pore sizes demonstrated that the initial cell attachment has been significantly enhanced 
with smaller nanopore pore size. Therefore, the nanopore topography could influence the 
performance of BG scaffold.  
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Chapter 7: 3D nano-macro dual-porous bioactive glass 
scaffold fabricated by integrating sol-gel process with 
polymer replication method 
7.1. Introduction 
It is known that nano-macro dual porous bioactive glass (BG) scaffolds hold 
promise for applications in tissue engineering. Several approaches have been introduced 
to fabricate the dual porous BG scaffold by combining sol-gel process that generates 
nanopores, with other techniques to produce macropores such as foaming the sol [1] and 
spinodal decomposition (as discussed in Chapter 4 and 5) [2, 3].  However, in such 
bioscaffolds, either macropores or macropore throats can barely achieve 100µm while 
maintaining sufficient strength, the lower limit for tissue ingrowth and vascularization. 
Furthermore, these methods rely on the use of HF acid to accelerate gelation and freeze 
the rapidly evolving macrostructure. The residual fluorine ions may have potentially 
cyto-toxic effects [4, 5]  
Replication of polymer foams is one of the first techniques developed for 
producing cellular ceramics with controlled macroporosity and desired geometry [6, 7]. 
The macropores are size controllable and maintain high interconnectivity as well as high 
porosity. Therefore, it is attractive to combine the sol–gel method that produces 
nanopores, with polymer sponge replication method, resulting in nano-macroporous 
bioscaffolds with optimum pore structure and overall porosity. Then the challenge is to 
demonstrate that the nanopores are not consumed by macropores during processing. We 
have investigated the potential of this method by tailoring the nano-porosity during foam 
replication steps. The results will show the success of our idea leading to a new technique 
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that integrates the sol-gel process with polymer sponge replication method; the result is 
superior nano-macro porous BG scaffolds for bone tissue engineering. 
 
7.2. Materials and methods 
For the proof of concept, glass of 70 mol% SiO2 - 30 mol%CaO (70S30C) 
composition was chosen, which is well-known for its bioactivity [8, 9]. The 70S30C 
powder was prepared by a sol-gel process. The BG scaffolds were prepared by coating 
the struts of polymer sponge with the slurry of 70S30C sol-gel-derived particles, 
followed by heat treatment to burn off the polymer sponge and sinter glass particles into a 
scaffold. The details are discussed in section 7.3.  
The microstructure and composition of the samples were determined by scanning 
electron microscopy (Model: 4300, Hitachi, Pleasanton, CA) and energy dispersive 
spectroscopy (EDS; EDAX AMETEK, Mahwah, NJ), respectively. The BG scaffolds 
were sputter coated with an ~ 5nm thick iridium (Ir) metal film to prevent charging and 
the accelerating voltage was 8 kV. On the other hand, TEM (JOEL 2000, Peabody, MA) 
was used to provide direct images of sample nanostructure.  
X-ray diffraction (XRD; Rigaku Rotaflex, The Woodlands, TX) was used to 
characterize the crystallinity of the scaffolds after sintering. Diffraction data were 
collected over the 2θ from 10° to 70° in a step-scan mode (step size 0.05° and 4 s per 
step).  
The specific surface area of scaffolds was determined by nitrogen adsorption (ASAP 
2020; Micromeritics, Norcross, GA) BET method [10]. The pore size distribution was 
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calculated by BJH method applied to the desorption branch of the isotherm [11]. The 
details about these techniques have been described in Chapter 3.  
 
7.3. Fabrication process 
The 70S30C powder was prepared by a sol–gel process. Briefly, Ca(NO3)2•4H2O 
was dissolved in 0.05N acetic acid solution, to which tetramethyl-orthosilicate (TMOS) 
was added precisely to make 70S30C composition (note that in some cases, 0.003N 
ammonia solution was used instead of acetic acid, but most scaffolds were prepared using 
the latter. The powder prepared with ammonia solution would be mentioned specifically 
when used). After vigorous stirring, samples were aged at 40°C for 3 days. The well-aged 
samples were crushed and sieved through 212μm sieve (RETSCH GmbH, Germany) 
before the bulk sample completely dried and became too harden to be crushed. The 
obtained particles (< 212μm) were then dried at 110°C in an oven. These particles were 
further ground in an attrition mill (01-STD; Union Process, Akron, OH) for 2 h using 100% 
ethyl alcohol (200 proof, absolute, Anhydrous) as the fluid medium and 2mm 95% high-
purity Y2O3 stabilized zirconium oxide balls as the grinding medium. The milled 
suspension was dried in an oven at 70°C to obtain dried xerogel powder. The particle size 
distribution was measured using LA-910 laser scattering particle size distribution 
analyzer (Horiba Instruments, INC, Irvine, CA). The median particle size due to this 
process has been reduced from ~150μm before to 3.5μm after milling (shown in Fig. 7.1).   
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Figure 7.1 Particle size distribution of powder before (the dashed line with hollow cycle) 
and after milling (the solid line with dark diamond).  
 
A slurry was then prepared by adding 25wt% of the dried xerogel powder into an 
aqueous medium containing 1 wt% polyvinyl alcohol (PVA) as a binder and 0.5wt% 
poly(methylvinyl ether) as dispersant. PVA was introduced to provide strength to the 
green body by forming bridges between particles [12]. In addition, appropriate dispersant 
was chosen to stabilize the slurry suspension to avoid flocculation, which could result in 
loose packing, unconsolidated structure and weak mechanical properties in the final 
product. To evaluate the effectiveness of the four different commonly used dispersants, 
viz. Darvan C, Darvan 811, Darven 821A and EasySperse, were tested by observing the 
sedimentation behavior of 5wt% particle suspension stabilized with 0.5wt% of dispersant 
(based on the dry mass of the effective chemical). Each suspension was poured into a 
beaker and, after vigorous stirring, allowed to settle for 24 h. Fig. 7.2 shows the 
sedimentation behavior of suspensions using these four dispersants or no dispersant at all. 
The suspensions without dispersant and the one stabilized with Darvan 821A have the 
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loosest flocculated sediments, indicating that Darvan 821A is ineffective for stabilizing 
our xerogel suspension. However, the suspension stabilized with EasySperse showed the 
densest sedimentation.  Therefore, EasySperse was chosen in our study.  
 
Figure 7.2 optical image showing the sedimentation behavior of five suspensions with 
four different dispersants and one without any dispersant. Beaker1:  Darvan C 
(ammonium polymethacrylate; molecular weight (MW)  = 10,000–16,000; R.T. 
Vanderbilt Co., Norwalk, CT), Beaker 2: Darvan 811 (sodium polyacrylate, MW = 5000; 
R.T. Vanderbilt Co.), Beaker 3: Darvan 821A (ammonium polyacrylate; MW= 3500; R.T. 
Vanderbilt Co.), Beaker 4: EasySperse (poly(methylvinyl ether); International Specialty 
Products, Wayne, NJ), Beaker 5: no dispersant.  
 
The slurry was then stirred vigorously for 24h and then de-aired in a vacuum for 
10min. Two major types of sponges have been used commonly in polymer sponge 
replication technique: polyester [13] and polyether. In comparison to polyester, polyether 
is not attacked by acids or alkalis, and is more hydrolytically stable. Therefore, we chose 
polyether type polyurethane (PU) sponge, which has better chemical and hydrolysis 
resistance, because it has small swelling and shrinkage ratios during the slurry coating 
and drying processes, respectively, and thus low stresses in green body to avoid major 
cracks in the subsequent sintering process. PU sponges were cut into desired shape and 
size, and completely immersed into the slurry for 15min. To make the macropore size 
optimal for tissue engineering, the PU foam consisting of 60 pores per inch (PPI) was 
used, which provided inter-strut spacing from 200μm-600μm (shown in Fig. 7.3).  
124 
 
 
Figure 7.3 SEM micrographs of 60 PPI PU sponge used as a sacrificial template in 
sponge replication method. 
 
After the immersion in slurry for 15 min, the excessive slurry was hand squeezed 
out from the polymer sponge. The as-coated sponge was dried for 24 hours in an oven at 
40°C before the heat treatment.  
To obtain homogeneous BG scaffolds with appropriate strength, several factors 
are critical during the heat treatment process, including pyrolysis of the polymer [14], 
decomposition of Ca(NO3)2 into calcia, diffusion and incorporation of Ca into silica 
network [15]. To avoid cracks in the microstructure and any residue from incomplete 
burning of polymer, the sponge should be burnt out slowly before sintering, which can be 
determined by TGA [16]. Fig. 7.4 shows the weight loss of the PU sponge with 
increasing temperature. The PU starts decomposing at ~250°C and is completely burned 
out at ~550°C. On the other hand, heat treatment above 570°C is necessary to decompose 
Ca(NO3)2 to CaO allowing its subsequent diffusion and incorporation into silica network 
(discussed in Chapter 4). Hence, the heating rate was set to 0.5°C/min up to 600°C with a 
dwell time of 1 h. The sample was then heated to 700°C at 1°C/min and sintered for 2 
hours, and finally cooled down to room temperature. The heat treatment was programmed 
500μm 
125 
 
as shown in Fig. 7.5, and the whole fabrication procedure is summarized in the flowchart 
in Fig. 7.6. 
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Figure 7.4. Weight loss as a function of temperature by TGA analysis for pyrolysis of 
polyurethane foam at heating rate of 1°C/min under a nitrogen environment. 
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Figure 7.5 heat treatment program designed for sintering BG scaffold. 
 
 
126 
 
 
Figure 7.6 A flowchart of BG scaffold fabrication by combining sol-gel process with the 
polymer sponge replication method. 
 
7.4. Macrostructure, composition and  crystallinity of the BG 
scaffold 
A typical BG scaffold sample preserving and replicating the sponge shape is 
shown in Fig. 7.7. Since the final product positively replicates the macrostructure and 
shape of the polymer sponge, scaffolds of desired shapes and macropore size can be 
fabricated simply by coating the slurry on the sponge of appropriate design. 
 
Figure 7.7 Optical image of a nanomacroporous bioactive glass scaffold fabricated by 
combining the sol–gel process and polymer sponge replication method. 
 
The SEM image in Fig. 7.8(a) clearly shows the network of highly interconnected 
and uniform macropores in our BG scaffolds. The pore size ranges from 200 to 600 μm, 
2mm 
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as seen in Fig. 7.8(b), which is determined by the macropore size of 60 PPI polymer 
sponge and is optimal for tissue engineering purposes.   
  
(a)                                                                       (b)  
Figure 7.8 SEM micrographs of an interconnected porous BG scaffold. (a) low 
magnification view (b) high magnification view. 
 
The EDS spectra from multiple sites confirm that the chemical composition is 
uniform throughout the whole scaffold (one representative EDS spectrum is shown in Fig. 
7.9). It consists of silica and calcia with a Si/Ca ratio ~2.52, which is close to the 
theoretical value of 2.33 for 70S30C glass as liquor is removed only by evaporation 
during the whole synthesis process. In addition, the small carbon peak is from 
contamination from atmosphere or the carbon tape used to mount the specimens on the 
SEM stub, and the Ir peak is from the coating of sample for SEM examination. 
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Figure 7.9 EDS spectrum of a BG scaffold. Insert: Table of chemical composition. 
 
It has been reported that excessive crystallinity in BG/glass ceramic might inhibit 
or defer the formation of HCA when exposed to simulated body fluid [17, 18], and thus 
lead to lower bioactivity. The XRD pattern of the sintered bioscaffold sample (shown in 
Fig. 7.10) shows no sharp diffraction peaks, thus indicating that the scaffold remains 
amorphous and hence maintains bioactivity after sintering at 700°C. 
10 20 30 40 50 60 70
100
200
300
In
te
ns
ity
2θ
  
Figure 7.10 XRD pattern of a BG scaffold. 
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7.5. Surface area and nanopores of BG scaffold 
High surface area is key to enhancing the degradation rate of bioscaffold. Fig. 
7.11(a) shows that high-specific surface area of 135 m2/g is achieved in the samples 
prepared by acetic acid-catalyzed gel particles, but those prepared by basic-catalyzed 
(ammonia solution) gel particles show relatively smaller value of 51 m2/g, presumably 
due to different nanostructure of the two types of gel networks as discussed in Chap 3. 
Our results of high surface area and nanoporosity are consistent with the previous results 
for sol–gel derived nanomacroporous acid-catalyzed samples [1, 19], for which surface 
area >100 m2/g was achieved. These high values are a consequence of small size 
nanopores. For instance, the accumulative area due to pores under 10 nm is 120 m2/g, 
which is 80% of the total surface area. On the other hand, there are no nanopores under 
10 nm in the scaffold prepared by ammonia catalyzed gel particles (shown in Fig. 7.11(b), 
which results in a significantly lower surface area (51 m2/g). Therefore, the nanopores 
smaller than 10 nm are crucial for achieving high surface area scaffolds. 
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(a)                                                                            (b) 
Figure 7.11 Comparison of (a) cumulative pore area (b) pore size distribution of two BG 
scaffolds. One sample prepared by acid-catalyzed sol-gel particles (shown with dark 
diamond) and the other by basic-catalyzed ones (shown with hollow cycle). 
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TEM was employed to directly image the nanostructure of our BG scaffolds. Fig. 
7.12 showed TEM micrographs of acid-catalyzed (Fig. 7.12(a)&(b)) and basic-catalyzed 
(Fig. 7.12(c)&(d)) samples. Some small particles with size from 30nm-80nm and 
interstitial spaces in-between could be also observed. To explain how these nano size 
particles and interstitials formed, we may use a model of nanostructure evolution 
proposed by Lin et al [15]. In this model the precursor in sol hydrolyzes and poly-
condensates to form primary particles before gelling. These particles would aggregate 
into bigger particles, the so-called secondary particles in the gelling and drying process. 
The secondary particles then fuse into tertiary particles during the heat treatment. 
Therefore, the nanopores larger than 10nm are the interstitial space between these tertiary 
particles. The nanopores with small size of ~3nm, which only appear in acid-catalyzed 
scaffold, not in basic-catalyzed process (shown Fig 7.11), are possibly the texture 
porosity within tertiary particles due to the incomplete fusion of the secondary particle 
into tertiary particles. Unfortunately, the nanopores of 3nm are barely resolved in our 
TEM images (Fig 7.12(a)) due to the thickness of the specimen (~100nm). Therefore, we 
are not able to discern significant difference between the TEM images of the acid and 
base catalyzed samples. 
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(a)                                                  (b) 
   
(c)                                                       (d) 
Figure 7.12 BF TEM micrographs of specimen prepared by acid-catalyzed [(a) & (b)], 
and  basic-catalyzed [(c) & (d)] sample preparation routes. 
  
It is noteworthy that the nanopores persist even after the sintering of xerogel 
particles. Jones et al. showed that the nanopores continue to exist at 700°C in 70S30C 
sol–gel-derived scaffolds, but would begin to close at 800°C [1]. In agreement, we find 
that the sintering temperature (700°C) in our fabrication process is too low to close the 
nanopores, but high enough for the sintering of xerogel particles. In principle, the 
sintering of silica gel particles can take place even at 400°C when the two surface Si–OH 
groups from adjacent particles can react to form a Si-O-Si linkage [20]. Furthermore, the 
acid-catalyzed sol-gel glass is an agglomerated network of chain-like nanosize secondary 
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particles [21]. Because the viscous flow, one of the dominant sintering mechanisms for 
glassy materials, is greater for smaller size particles [22], the sintering driving force of 
the micron size gel particles is much larger than for the conventional melt-derived 
samples. Moreover, calcium nitrate deposits onto the surface of the 70S30C sol–gel-
derived secondary particles upon drying [15]. During sintering at >430°C, while the 
nitrate decomposes, a part of calcium starts incorporating into silica network and the 
remaining calcium helps fusion of the secondary particles. This process may decrease 
local viscosity and enhance viscous flow on the surface of gel particles and facilitate their 
sintering. Thus, it is possible to maintain the nanopores while sintering the micron size 
sol–gel particles. 
Finally, we note an important advantage of the present method. For other sol–gel-
derived methods [1, 19], the xerogel is dried after the formation of 3D gel scaffolds. Then, 
the drying stress often causes microcracking and deterioration of strength. To avoid 
cracking, it is necessary to have a slow, well-controlled drying procedure. Microcracking 
is also a problem with other methods in which pores are produced by the leaching of 
specific phases [23]. In contrast, our method does not require sophisticated drying (or 
leaching) process since it occurs before the formation of 3D network structure. 
 
7.6. Tailoring the surface area and nano-porosity of BG 
scaffold 
In some regenerative tissue engineering applications a scaffold of some pre-
determined surface area may be needed such as for matching its degradation rate with the 
rate of tissue growth. This requirement can be readily accomplished via our fabrication 
method since different specific surface area can be produced in acid vs. basic catalyzed 
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condition. Basically, the surface area can be easily tuned by mixing the acid and basic 
catalyzed powder at different mass ratios. We demonstrate the viability of this idea by 
fabricating four different scaffolds with different mixing ratios.  (listed in Table 7.1). The 
specific surface areas and the pore size distributions are measured by nitrogen adsorption 
porosimetry as shown in Fig. 7.13. It has been found that the surface area of scaffolds is 
almost linearly proportional to the mass ratio of acid-catalyzed to basic-catalyzed powder 
(Fig. 7.13(b)). For instance, following this rule, sample C prepared from fixing one third 
of basic catalyzed powder with two third of acid-catalyzed powder should have a surface 
area  
21 2 1 251 135 107 /
3 3 3 3A D
SA SA m g+ = × + × =
 
which is very closed to the experimental value 108m2/g. Furthermore, the lower end of 
the surface area can be further decreased by sintering the xerogel powders at higher 
temperature as discussed in Chapter 5. Hence, this method provides a simple but efficient 
way to control the surface area, and thus the degradation rate of BG scaffolds.  
Table 7.1 BG scaffold fabricated by using different mixing ratio of acid and basic 
catalyzed powder. 
 wt% of acid-catalyzed powder wt% of basic-catalyzed powder 
Sample A 0% 100% 
Sample B 33.3% 66.7% 
Sample C 66.7% 33.3% 
Sample D 100% 0% 
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(b) 
Figure 7.13. (a) Pore size distribution scaffolds prepared from mixture of acid-catalyzed 
and basic-catalyzed sol-gel particles at different mass ratios indicated in Table 7.1. (b) 
Surface area of these scaffold as a function of mixture ratio. Both (a) and (b) were 
measured by nitrogen adsorption porosimetry. 
 
7.7. Conclusion 
We have developed a new approach to fabricate highly nano-macro porous BG 
scaffold of complex shapes. The high-specific surface area scaffolds are uniform on 
macroscale and contain both highly interconnected nanopores and macropores (>200μm), 
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which are generated by combining sol–gel process and polymer sponge replication 
method. Our fabrication method allows independent control of the size of nano and 
macro pores. The interconnected macropore size and shape can be easily tuned by 
choosing sacrificial polymer sponge with appropriate macropore size. Additionally, the 
nanopore size can be tailored by using acid-catalyzed or basic-catalyzed condition 
besides the variation of sintering treatment parameters. Here, the surface area of the 
bioscaffolds and, hence the degradation rate, can be continuously tuned by manipulating 
the ratio of acid and base catalyzed xerogel powders. In short, this technique appears to 
be a promising candidate for applications in hard tissue engineering. It would be suitable 
also for fabricating high porosity nano-macroporous glass for other applications such as 
filtration, drug delivery, etc. 
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Chapter 8: Summary 
We have fabricated nano-macro dual porous bioactive glass 3D bioscaffolds for 
tissue engineering using different techniques: combining sol-gel process with spinodal 
decomposition or polymer sponge replication method.  Furthermore, In vitro cell and in 
vivo tissue response to this novel structure has been studied to evaluate the performance 
of the BG scaffolds. 
First, sol-gel-cum-spinodal-decomposition process was optimized to create 
interconnected nanopores (several to tens of nanometers in diameter) in BG scaffold, 
coexisting with interconnected macropores (tens to one hundred microns in diameter).  
The nanostructure of the BG scaffolds was tailored by manipulating the sintering 
temperature and/or the ammonia concentration used during the solvent exchange process. 
Our study has found that, although both techniques lower the surface area of BG 
scaffolds, the temperature-dependent sintering process closes nanopore pore through 
densification, while the concentration-dependent solvent exchange process enlarges 
nanopores through coarsening the gel network. Therefore, BG scaffolds with different 
pore sizes but same surface area can be created by utilizing the two methods.  
In addition, BG scaffold with larger macropores (>200μm) was successfully 
fabricated by a new approach, sol–gel process combined with polymer sponge replication 
method. It has been demonstrated that the high-specific surface area scaffolds are 
uniform on macroscale and in the meantime contains both highly interconnected 
nanopores and macropores (>200μm), which are created by sol–gel process and polymer 
sponge replication method, respectively. Importantly, the size of nano and macro pores 
can be independently controlled using this fabrication method. The macropore size and 
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shape can be easily tailored by choosing polymer sponge with different macropore size. 
Meanwhile, the nanopore size and surface area can be tailored by tuning the ratio of acid 
or basic catalyzed xerogel powder, and hence the degradation rate is controllable. 
In vitro cell response examination showed cells survive well and exhibit excellent 
adhesion to the bioscaffold. Cells can migrate and penetrate deep into the bioscaffolds. 
Additionally, the in vitro cell test on the BG scaffolds with the same surface area but 
different pore sizes showed that the initial cell attachment is significantly enhanced if 
decreasing the nanopore pore size. That means the nanopore topography could have 
influence on the performance of BG scaffold. 
In vivo animal tissue response study demonstrated that nanopores could promote 
cell penetration into BG scaffold, indicating the beneficial effect of incorporation of 
nanopores. It also clearly showed the formation of new tissue with both blood vessels and 
collagen fibers deep inside the implanted nano-macro dual porous scaffolds with no 
obvious inflammatory reaction. These results indicate that our nano-macro dual-porous 
bioactive glass hold potential as a novel and superior 3D scaffolds for regenerative 
medicine as well as hard tissue engineering.  
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Appendix A 
Protocol for making 70mol% SiO2 - 30mol% CaO sol-gel derived nano-maroporous 
bioactive glass scaffold using spinodal decomposition method 
Day1: 
1. Transfer 20mL acetic acid solution (0.05N, pH = 3.0, Fisher Chemical, A38-500) in a 
50mL polypropylene beaker. 
Note: Glass beaker is not recommended since sol-gel particles will stick on the wall of 
glass beaker and thus be difficult to get rid of later on. 
2. Weigh 1.4g polyethylene oxide (PEO, Alfa Aesar 42236, molecular weight = 100,000) 
and poured it very slowly into the beaker while stirring the solution vigorously. Continue 
stirring for at least half hour to fully dissolve PEO.  
Note: Since the viscosity increases upon adding of PEO, keep adjusting stirring speed of 
stirrer to maintain the vigorous stirring. Poured PEO in slowly under vigorous stirring to 
prevent it from forming PEO ball, which is difficult to fully dissolve later on. Seal the 
beaker with parafilm when dissolving PEO.  
3. When PEO is fully dissolved, 9mL tetramethyl orthosilicate (TMOS, Acros Organics 
99%, 2038255000) is added into the solution.   
Note: Since TMOS tends to hydrolyze and gelify upon contact with water, pipette for 
transferring TMOS need to be dry and  TMOS bottle need to keep close to prevent the 
moisture. Because its high reactivity and toxicity, we need to prevent its vapor from 
contacting and reacting with skin or eyes. Therefore it is necessary to handle TMOS in 
the hood where ventilation is sufficient. Seal the beaker with parafilm when stirring. 
After TMOS gelified, it becomes silica, which is not toxic.  
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4. 6.18g Ca(NO3)2.4H2O (Sigma, 237124) is added into the solution 10min after adding 
TMOS (step 3). 
Note: Seal the Ca(NO3)2.4H20 bottle with parafilm to keep it dry. 
5. Use 1 ml disposal pipette to add 2mL 2.5% HF (Fisher Chemical, A146-1Lb) by 
dropping into the solution 13min after adding of TMOS (step 3). 
Note: HF is extremely toxic. Handel it very carefully. 
6. Twenty seconds after adding HF, pour the solution into V shape basin and use multi-
channel pipette to quickly transfer 0.6mL sol into each well in 24-well plate (BD 
biosciences, 353047) before the gelation of sol. Cover the plate with lid and seal it with 
parafilm. Move the plate in an oven (40°C) to age for a day (or 4 days if no solvent 
exchange process). 
Day2: 
Transfer 1mL ammonia solution (1N) into each well to submerge samples for solvent 
exchange process. Seal the plate with parafilm and keep the plates in oven at 40°C. 
Day3: 
Open the lid of the plates allowing evaporation of the excessive liquid. 
Note: Before transferring samples in humidifier for drying, the samples need to be still 
wet while no extra liquid remains in the container. 
Day5: 
Transfer the samples in a glass plate, which is then sealed with Al foil. Punch some small 
holes in the Al foil to insure slow evaporation of liquid. Put the glass plate in the 
humidifier (Cincinnati Sub Zero, Cincinnati, OH) for programmed drying as following 
(the whole process takes ~30hours): 
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Stage # Temperature humidity Time 
1 24°C 95% 1s 
2 60°C 95% 6h 
3 100°C 85% 10h 
4 150°C 0% 15h 
5 180°C 0% 15h 
6 180°C 0% 12h 
7 25°C 0% 2h 
 
Day 8: 
Move samples in an alumina crucible for heat treatment in the furnace programmed as 
following: 
Stage # Temperature time 
1 60°C 30min 
2 60°C 2h 
3 180°C 1h 
4 180°C 1h 
5 600°C 6h 
6 600°C 1h 
7 700°C 1h 
8 700°C 2.5h 
9 25 7h 
Note: remove the lid of the furnace to introduce sufficient air to fully decompose PEO.  
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